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This research investigated the use of seawater regeneration for anion exchange (AIX) processes. 
Seawater and salt-supplemented seawater regeneration of chloride-form anion resin were 
evaluated in regard to (1) operational performance efficiency of sulfate and natural organic matter 
removal, (2) competing exchange of bromide during regeneration, and (3) brominated disinfection 
by-product (DBP) formation due to bromide leakage. The first component involved bench-scale 
research that revealed that seawater-based regeneration led to bromide leakage that could be 
mitigated to an average of 1.82 mg/L using 1% salt-supplemented seawater, and 1.25 mg/L using 
3% salt-supplemented seawater. Conceptual cost comparisons revealed that the use of seawater 
can reduce regeneration costs by up to $0.25/kgal compared to conventional 10% salt. The second 
segment of research demonstrated that bromide adsorption in the presence of chloride followed 
pseudo 2nd order kinetics. Increasing the chloride-to-bromide ratio shifted intra-particle diffusion 
that revealed an exponential decay in bromide adsorption capacity. The equilibrium adsorption 
behavior could be described by both Freundlich and Langmuir isotherm models. The third segment 
of research evaluated the impacts of bromide leakage with respect to DBP formation. Results 
demonstrated that the 96-hr formation potential for total trihalomethanes (TTHMs) increased from 
186 g/L to 294 g/L and haloacetic acids (HAA5) from 25.7 g/L to 36.1 g/L for a subsequent 
increase in bromide content from 0.22 mg/L to 2.13 mg/L, respectively, with a noticeable shift in 
chemical speciation from chlorinated to brominated forms. Coastal water utilities employing AIX 
might consider salt-supplemented seawater regeneration methods; however, further research is 
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CHAPTER 1: INTRODUCTION 
Safe Drinking Water Act 
 
The Safe Drinking Water Act (SDWA) was originally passed by Congress in 1974 to protect public 
health by regulating the nation’s public drinking water supply. This law focuses on those waters 
actually or potentially designed for drinking use, whether from above ground or underground 
sources. The Act authorized the United States’ Environmental Protection Agency (USEPA) to 
establish minimum standards to protect tap water and required owners or operators of public water 
systems to comply with these primary (health-related) standards. The 1996 Amendments to the 
SDWA require that the USEPA consider a detailed risk and cost assessment, and best available 
peer-reviewed science, when developing numeric standards. State governments, which can be 
approved to implement these rules for the USEPA, also encourage attainment of secondary 
standards (nuisance-related). 
The USEPA has established National Primary Drinking Water Regulations (NPDWRs), legally 
enforceable standards that apply to public water systems. These standards protect drinking water 
quality by limiting the levels of specific contaminants that can adversely affect public health and 
which are known or anticipated to occur in public water supplies, setting mandatory water quality 
standards for drinking water contaminants. These are enforceable standards called "maximum 
contaminant levels" (MCLs) that are established to protect the public against consumption of 
drinking water contaminants that present a risk to human health. An MCL is the maximum 




In addition, the USEPA has established National Secondary Drinking Water Regulations 
(NSDWRs) that set non-mandatory water quality standards for fifteen contaminants. They are 
established as guidelines to assist public water systems in managing their drinking water for 
aesthetic considerations, such as taste, color, and odor. These contaminants are not considered to 
present a risk to human health at the “secondary maximum contaminant levels” (SMCLs). 
Although the USEPA does not enforce SMCLs, they are enforced by the Florida Department of 
Environmental Protection per Chapter 62-560.430 (Florida Administrative Code 2011a). 
Ion Exchange 
 
Ion exchange (IX) is a process that removes aqueous ionic constituents by exchanging them with 
solid-phase ions of a similar charge. IX is typically employed in potable water applications to 
soften and demineralize water (Crittenden et al., 2005). Anion exchange (AIX) is a form of IX that 
is capable of removing negatively charged ionic constituents from water, such as sulfate, nitrate, 
phosphate, chloride, bromide, and natural organic matter (NOM); however, minimal research has 
been conducted to understand the impact of NOM, nitrate, and sulfate on AIX operating 
performance, in particular, with respect to alternative regeneration strategies (Ye et al., 2012). 
Additionally, limited research can be found on treating a sulfate-laden groundwater source with 
AIX for potable water production. For example, Runtti and colleagues (2018) discuss options for 
the removal of sulfate from mine drainage with no discussion of drinking water applications, other 
than the need for treatment in the drinking water of cattle (Digesti and Weeth, 1976). 
Operational costs associated with IX are, in large part, due to the regeneration process. 




cost of importing salt to the water utility. Alternative regeneration methods are explored in 
attempts to reduce regeneration costs and increase IX sustainability. Wilf et al. (1980) looked at 
seawater as an alternative regeneration method for a cation exchange (CIX) process. Coastal water 
utilities employing IX may benefit from seawater regeneration; however, further research is 
needed to identify performance efficiency and impacts of seawater regeneration. Alternative 
regeneration methods such as the use of seawater sources that are unlike the traditional methods 
that rely on highly processed, high-quality salty brine solutions, would be expected to also yield 
undesired ion leakage due to the incidental exchange of competing ions during the regeneration 
process, like bromide. The ionic composition of seawater impacts the equilibrium and kinetic 
processes taking place during AIX regeneration. Funasaki (1979) identified changes to equilibrium 
and kinetic reactions under variable salt conditions, which is typical of high concentrations of 
sodium- or chloride-form regenerant solutions. It appears then, that there is a need to further 
explicate the equilibrium and kinetic reactions of AIX seawater regeneration.  
Increased bromide concentrations resulting from ion leakage caused by seawater regeneration have 
the potential to increase the formation of disinfection by-products (DBPs). It is known that bromide 
reacts with NOM and disinfectants to form brominated DBPs (Ackerson et al., 2020; Cooper et 
al., 1985; Liu et al., 2011; Richardson et al., 1999). It is also established that brominated DBPs 
carry higher health associated risks, correlating to higher cytotoxicity and genotoxicity than 
chlorinated DBPs (Kolb et al., 2017; Richardson et al., 1999; Sharma et al., 2014; Yang et al., 
2014; Zhai & Zhang, 2011; Zhai et al., 2014). However, when compared to chlorinated DBPs, 






This dissertation reports on an investigation that evaluated the use of seawater, and salt-
supplemented seawater, to regenerate an AIX process. Bench-scale column testing was used to 
investigate the performance and overall effectiveness of regenerating an AIX process with 
seawater-based solutions while targeting the removal of sulfate and organics from a sulfate-laden 
Florida groundwater. Batch jar testing was implemented to explore and better understand 
equilibrium and kinetic relationships between chloride and bromide in an AIX regeneration 
process. Experiments were conducted to assess changes in DBP formation and speciation to gain 
a better understanding of the impacts of bromide elution from seawater regeneration on DBP 
formation. The main objectives of the research presented in this work were as follows: 
1. Investigate and compare the performance of AIX in removing sulfate and organics 
using seawater, and salt-supplemented seawater as regenerant solutions versus 
conventional salt regeneration. 
2. Assess the impacts of bromide leakage resulting from seawater, and salt-supplemented 
seawater regenerant solutions.  
3. Assess equilibrium, kinetics, and rate-controlling adsorption mechanisms of bromide 
in the presence of high chloride concentrations.  
4. Assess and quantify the impacts of bromide elution from seawater regeneration to DBP 




City of Sarasota Utilities Department 
In efforts to improve water quality, the University of Central Florida (UCF) implemented an 
investigation of the City of Sarasota’s (CITY’s) water treatment processes and distribution system 
(Project No. 16208213). The CITY is a publicly-owned water utility operating on Florida’s west 
coast. The CITY’s Utility Department oversees the production of safe drinking water from a 
combination of treatment processes that rely on a blend of reverse osmosis, ion exchange, and 
disinfected well water. The City’s water treatment facility (WTF) is comprised of two major water 
treatment plants: a reverse osmosis water treatment plant (ROWTP), and an ion exchange water 
treatment plant (IXWTP). The facility, located at 1642 12th Street in Sarasota, Florida serves the 
residents of the City of Sarasota that live within the incorporated city limits. The two water sources 
relied on by the community’s water system possess different water quality characteristics that 
require treatment using independent and separate processes. The Downtown brackish groundwater 
well field is treated at the 4.5 million gallon per day (MGD) capacity ROWTP, and the Verna 
groundwater well field is treated by aeration prior to a 5.2 MGD capacity IXWTP. Up to 2.3 MGD 
of Verna groundwater is by-passed and blended in a clearwell, where each of the process streams 
are combined and disinfected to provide a total WTF capacity of 12 MGD. Safe drinking water is 
then stored in nearby ground storage tanks (GSTs) and high-service pumps transport the water to 
the distribution system at appropriate rates and pressures. Table 1 and Table 2 display data 
illustrating the differences in water quality between the two groundwater sources. Figure 1 shows 
a schematic that depicts the overall process flow of the CITYs WTF. Currently benefiting from 




seawater (SBSW) for regeneration purposes of their existing CIX process, and a permitted deep-









Reverse Osmosis Process 
Six MGD of raw groundwater is pumped from the Downtown brackish well field to the ROWTP. 
Historically, pretreatment consisted of adding scale inhibitor (antiscalent) and sulfuric acid prior 
to 1-micron cartridge filtration. However, sulfuric acid pretreatment was removed from service 
and permanently taken offline February 2012 (Tharamapalan, Boyd & Duranceau, 2013). The pre-
treated water is then fed to a two-stage RO membrane process operating at seventy-five percent 
(%) recovery. Stage-1 consists of twenty-eight pressure vessels housing six Hydranautics CPA3 
membrane elements per vessel and stage-2 consists of fourteen pressure vessels housing six 
Hydranautics ESPA2 membrane elements per vessel. The facility has a total of three existing 
membrane process trains, each with a 1.5 MGD production capacity. Following membrane 
treatment, the permeate water is degasified and pH adjusted with sodium hydroxide prior to 
blending with the treated CIX and by-pass water streams. The rejected concentrate water, 





Table 1: Downtown Brackish Well Field Water Quality (Duranceau et al., 2014) 
Parameter Units Average Value 
pH s.u. 7.13 
Temperature ⁰C 26.9 
Conductivity µS/cm 3,330 
Turbidity NTU 0.12 
Alkalinity mg/L as CaCO3 136 
TDS mg/L 2,400 
Sulfate mg/L 858 
Chloride mg/L 588 
Calcium mg/L 279 
Magnesium mg/L 135 
Sodium mg/L 294 
Potassium mg/L 6.60 
Strontium mg/L 26.5 
Silica mg/L 21.9 
 
Ion Exchange Process 
The Verna groundwater well field provides up to 7.5 MGD of raw water for treatment by the 
IXWTP. The water is pretreated at the well field using tray aeration for hydrogen sulfide and 
carbon dioxide removal and pre-chlorination for biological control while gravity fed along a 20 
mile pipeline prior to arrival at the treatment facility. The incoming pretreated water is bifurcated 
to allow for both CIX treatment and by-pass blending to occur. The CIX process uses a strong-
acid cation (SAC) resin in the sodium form to soften 5.2 MGD. There are four softening units; 
three of which may be operated at full production, while the fourth is being regenerated by the 
innovative use of filtered, chlorinated and dechlorinated seawater that is pumped from a small 
pumping station on Sarasota Bay located 0.2 from the facility. The treated SBSW provides the 




Approximately 0.7 MGD of filtered SBSW is used for media regeneration, while approximately 
0.4 MGD of raw well water is used for media rinse, both of which are disposed of after use. 
Table 2: Verna Well Field Water Quality, Post Aeration 
Parameter Units Average Value 
pH s.u. 7.64 
Temperature ⁰C 29.1 
Conductivity µS/cm 1,090 
Turbidity NTU 0.18 
Alkalinity mg/L as CaCO3 171 
TDS mg/L 830 
Sulfate mg/L 396 
Chloride mg/L 25.2 
Bromide mg/L <0.2 
Fluoride mg/L 0.49 
Calcium mg/L 126 
Magnesium mg/L 60.2 
Sodium mg/L 13.5 
Potassium mg/L 2.46 
Strontium mg/L 21.8 





CHAPTER 2: LITERATURE REVIEW 
In this chapter, literature relevant to IX processes for potable water production is presented. The 
literature reviewed herein provides a brief overview of IX, and is segmented into equilibrium and 
kinetic considerations, and operational performance. Ion exchange processes used in water 
treatment are reviewed, with specific emphasis on anion exchange for applications in removing 
sulfate from aqueous solutions. Alternative regeneration methods of IX are also examined and 
seawater regeneration is presented as an alternative process opportunity. A segment of this Chapter 
is also devoted to disinfection by-product concerns that water purveyors face, with specific focus 
on brominated DBP formation related to bromide originating from saline water sources. 
Overview of Ion Exchange Processes 
IX is a process used in water treatment to remove aqueous ionic constituents by exchanging them 
with solid-phase ions of a similar charge at the surface of an oppositely charged resin. The resin’s 
charge comes from fixed functional groups located at the external and/or internal surface of the 
resin, known as exchange sites (Crittenden et al., 2005; Liberti & Helfferich, 1983; Wachinski, 
2006). IX resin generally takes the shape of small, spherical beads (Figure 2), is commonly housed 





Figure 2: Purolite A600E-9149 Anion Resin 
At the initiation of the first operation cycle, the IX resin’s exchange sites contain solid-phase, 
presaturant ions. As water passes through the resin bed, the presaturant ions are exchanged for 
aqueous ions in the water matrix. The IX treated water exiting the resin bed consists of an 
equivalent increase in the presaturant ion to that of the decreased exchanged aqueous ion. During 
continued operation, the available exchange sites on the resin begin to saturate with the targeted 
aqueous constituent(s) and the IX treated water increases in the targeted constituent(s) 
concentration; this is known as breakthrough. When the exchange sites of the IX resin become 
fully saturated with the targeted aqueous constituent(s), the resin bed is considered exhausted 
(Crittenden et al., 2005; Wachinski, 2006). Figure 3 displays a graphical representation identifying 





Figure 3: Ion Exchange Breakthrough/Exhaustion Curve 
Once exhaustion is reached, the IX resin is replenished with the presaturant ion, in a process known 
as regeneration. Regeneration involves running a high concentration solution of the initial 
presaturant ion through the IX system, eluting the previously targeted constituent(s) off the 
exhausted IX resin and replacing it with the original presaturant ion. Common presaturant ions 
used in IX systems for water treatment include hydrogen, sodium, hydroxide, and chloride 
(Crittenden et al., 2005; Maul et al., 2014). 
IX can be used in multiple applications, including water treatment, production of de-ionized water, 
industrial purposes, purification of organic and inorganic chemicals, analytical chemistry uses, ion 
mixture separation processes and treatment of mine drainage (Schubert & Nachod, 1956). Most 




functional groups (Crittenden et al., 2005). There are four main types of IX resin, each consisting 
of a different organic functional group and exchanging ion. Table 3 presents different types of IX 
resin commonly used in water treatment applications. 
Table 3: Ion Exchange Resin Characteristics, partially adapted from Crittenden et al., 2005 










H+ or Na+ 
H+: Monovalent, divalent, & 
polyvalent cations 
Na+: Divalent cations 





cations until alkalinity is 
consumed 





OH- or Cl- 
OH-: Monovalent, divalent, & 
polyvalent anions 
Cl-: Divalent & polyvalent 
anions 






anions until strong acid is 
consumed 
 
Physical and chemical factors affect the affinity an IX resin has toward a particular ionic species 
in water, known as resin selectivity. Generally, ionic species with higher ionic radii, hydrated radii, 
molecular weight, atomic numbers, and valence are preferred (Crittenden et al., 2005; Tan & 
Kilduff, 2007). However, temperature, pressure, pH, ionic strength, and other physical/chemical 
properties can affect a resin’s affinity for an ionic species (Wachinski, 2006).  
Equilibrium and Kinetics 
Understanding the chemical equilibrium and kinetic reactions taking place is important when 




be considered reversible, as equilibrium can be reached with reactants forming to create products 
during operation or products forming to create reactants during regeneration. A general 
stoichiometric equation for an IX resin can be seen in Equation (1) (Crittenden et al., 2005; Moody 
et al., 1968; Wachinski, 2006).  
𝑛[𝑅±]𝐵±  + 𝐴𝑛±  ↔  [𝑛𝑅±]𝐴𝑛±  + 𝑛𝐵± (1) 
Where, 
𝑅± = charged functional group attached to IX resin 
𝐵±, 𝐴𝑛± = exchanging ions 
Considering only one aqueous ionic species exchanging with the IX resin’s solid-phase ions, an 
equilibrium expression can be written with respect to Equation (1) to develop an apparent 
equilibrium constant, 𝐾𝐵±
𝐴±, identifying an IX resin’s affinity for one ionic constituent over another 
using their concentrations (Crittenden et al., 2005; Moody et al., 1968). Shown in Equation (2), 
the present equilibrium notion illustrates solution ion A exchanging with an IX resin containing 
ionic species B. 
𝐾𝐵±










𝐴±= apparent equilibrium expression of exchanging ions 
𝐶𝐵
𝑛  = aqueous-phase concentration of presaturant ion, eq/L 
𝑞𝐴  = resin-phase concentration of counter-ion, eq/L 
 𝑞𝐵
𝑛 = resin-phase concentration of presaturant ion, eq/L 
𝐶𝐴 = aqueous-phase concentration of counter-ion, eq/L 
Apparent equilibrium constants, also known as a selectivity coefficients, have been used to 




measured selectivity coefficients for AIX resins toward monovalent anions in different 
temperatures and concentrations. Since that time, selectivity coefficients have remained the key 
marker for comparing different IX resin functional groups and IX resin characteristics for their 
affinity to uptake certain ions over others. Soldatov et al. (2007) used selectivity coefficients, 
among other parameters, to distinguish between different strong-base AIX resins containing 
different functional groups on their ability to uptake chloride, nitrate, and sulfate. Similar work 
has been performed on the removal of iodide and bromide using chloride-form AIX resin under 
different temperatures for changes in the resin’s equilibrium constants (Singare et al., 2009). For 
design purposes, equilibrium constants can be expressed in other ways, such as those suggested by 
Hu and coworkers (2016) that evaluated the resin selectivity of six strong-base anion resins based 
on their separation factor. Taking Equation (2) and replacing the concentration values with 
equivalent fractions yields a binary separation factor, 𝛼𝐵
𝐴, that can be used to identify a resin’s 
affinity for one aqueous-phase ion over another, displayed in Equation (3) (Crittenden et al., 2005).  
𝛼𝐵








𝐴 = binary separation factor 
𝑌𝐴 = aqueous-phase equivalent fraction of presaturant ion 
𝑋𝐵= resin-phase equivalent fraction of counter-ion 
𝑋𝐴 = resin-phase equivalent fraction of presaturant ion 
𝑌𝐵 = aqueous-phase equivalent fraction of counter-ion 
In addition to identifying a resin’s affinity for one ion over another, it is important to quantify the 




change in ion concentration, adsorption values can be experimentally calculated using Equation 







qt = amount of ion adsorbed per gram of resin (mg/gres) 
Co = initial ion concentration (mg/L) 
Ct = ion concentration at a given time (mg/L) 
V = volume of solution (L) 
m = mass of resin (g) 
 
Applying an ion’s concentration at equilibrium to Equation (4), yields the equilibrium adsorption 








qe = amount of ion adsorbed per gram of resin at equilibrium (mg/gres) 
Ce = equilibrium ion concentration (mg/L) 
Calculating an ion’s qe over different initial concentrations allows for the development of 
adsorption isotherms, modeling the reaction and identifying the behavior of the adsorption process 
(Foo & Hameed, 2010). The Freundlich Isotherm Model (FIM) and the Langmuir Isotherm Model 
(LIM) have been widely used to fit equilibrium adsorption data, applying linearized forms of the 
models to obtain model parameters graphically (Kinniburgh, 1986). Proposed by Freundlich 
(1906), the FIM is an empirically derived model used to model gas-phase and solute adsorption, 
typically for heterogeneous adsorbents (Sparks, 2003). The linear-form FIM is presented in 











Kf = Freundlich adsorption capacity constant 
n = Freundlich adsorption intensity constant 
 
The LIM was originally proposed by Langmuir (1918), and is used to describe adsorption between 












qmax = maximum adsorbate concentration (mg/g) 
b = Langmuir adsorption constant (L/mg) 
Adsorption capacity, qt, is used in IX studies for determining the kinetic reactions taking place. 
Adsorption kinetics describe the removal rates of ionic constituents over time. Rates of adsorption 
can be modeled through rate equations, or rate laws, by comparing different kinetic rate equations 
to the change in reactant concentrations over time. For ion exchange processes, kinetics have 
shown high correlation to pseudo 1st order (PFO) and pseudo 2nd order (PSO) rate laws and have 
been widely used when describing the rate of adsorption in liquid-solid interactions (Moussout et 
al., 2018). Ding et al. (2012) demonstrated that bromide removal through magnetic ion exchange 
(MIEX) can be well described by PSO kinetics. Rengaraj et al. (2003) found that the removal of 
chromium using CIX resin followed PFO kinetics and Chubar et al. (2005) modeled the adsorption 




 The PFO rate equation, originally proposed by Lagergren & Sven (1898), is displayed as a 
differential equation in Equation (8). 
𝑑𝑞𝑡
𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡) 
(8) 
Where, 
k1 = pseudo 1
st order rate constant (min-1) 
Integrating Equation (8) with boundary conditions of t = 0, qt = 0, t = t, and qe = qt yields the 
integrated PFO rate equation in its liner form, displayed in Equation (9). A full integration of the 
PFO rate equation can be found in Appendix A. 
ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡 (9) 








K2 = pseudo 2
nd order rate constant (g/mg-min) 
Integrating Equation (10) with boundary conditions of t = 0, qt = 0, t = t, and qe = qt yields the 
integrated PSO rate equation in its liner form, shown in Equation (11). A full integration of the 














Assessing the reaction rates of IX resins toward particular ions in synthetic solutions has been 
extensively studied (Alyüz & Veli, 2009; Chen at al., 2002; Gando-Ferreira et al., 2011; Hsu & 
Singer, 2010; Nawaz & Sengupta, 2017). Additionally, IX kinetics of complex water matrices have 
been evaluated: surface water (Walker & Boyer, 2011), seawater (Jung & Kim, 2016), 
groundwater (Piazzoli & Antonelli, 2018), and wastewater (Muhammad et al., 2019). The majority 
of IX kinetic studies focus on the forward reaction approaching equilibrium as solid-phase, 
presaturant, ions are exchanged with aqueous-phase ions in solution; Equation (1) proceeding from 
left to right. Less research is available on the kinetics of the reverse reaction approaching 
equilibrium during the regeneration process; Equation (1) proceeding from right to left. Lokhande 
& Singare (1998) studied the forward and reverse reaction rates of IX resin when removing 
radioactive iodide ions with inactive iodide exchanging ions, but the kinetic impacts of alternative 
regenerant solutions were not evaluated. The ionic concentration and composition of regenerant 
solutions impact the equilibrium and kinetic processes taking place. Funasaki (1979) identified 
changes to equilibrium and kinetic reactions under variable salt conditions, which is typical of 
sodium- or chloride-form regenerant solutions. There is a need to explicate the equilibrium and 
kinetic reactions during IX regeneration to optimize the IX process and determine if alternative 
regenerant solutions containing high ionic strengths and competing ions, like seawater, can be 
considered. 
In addition to understanding the rate of a reaction, it is necessary to identify the rate determining 
step(s). The adsorption process generally consists of three steps, external mass transfer across a 
boundary layer (film diffusion), internal diffusion to sorption sites (internal/intra-particle 




Pasquier, 2016; Liberti & Helfferich, 1983). High correlation to the PSO model displayed in 
Equation (10) infers that chemical adsorption (chemisorption) is the rate limiting step when 
compared with diffusion-based mass transfer mechanisms (Chubar et al., 2005; Muhammad et al., 
2019;). It is possible that the adsorption process may be controlled by more than one step and the 
limitations of the proposed PSO model, representing adsorption as a one-step binding process, 
cannot elucidate the diffusion-based mass transfer mechanisms that may be present (Acelas et al., 
2015; Fierro et al., 2008). Testing parameters such as agitation speed, temperature, and resin 
particle diameter can also influence certain rate mechanisms, making it difficult to accurately 
interpret rate data (Liberti & Helfferich, 1983). Additionally, the equivalence concentration ratio 
of solution ions to resin exchange sites impacts the ability to model diffusion.  
The intra-particle diffusion (IPD) model proposed by Weber & Morris (1963) can be used to 
interpret kinetic data from a diffusion-based mechanistic stand-point. 
 
𝑞𝑡 = 𝑘𝐼𝑃𝐷𝑡
1/2 + 𝐶𝐼𝑃𝐷 (12) 
Where, 
kIPD = intra-particle diffusion rate constant (mg/(g-min
1/2)) 
CIPD = boundary layer thickness constant (mg/g) 
Presented in Equation (12), the IPD model can be applied to analyze adsorption kinetics. If a plot 
of qt versus t
1/2 yields a straight line, then the sorption process is controlled by intra-particle 
diffusion (Ding et al., 2012; Dixit et al., 2018; Wu et al., 2009). Moreover, intra-particle diffusion 




2009). If the data reveals multi-linear plots, then two or more steps affect the adsorption process 
(Fierro et al., 2008; Wu et al., 2009). 
Operational Performance 
When implementing IX for treatment purposes, engineering properties of system performance 
should be monitored during operations. How the IX system is designed and how it performs is 
largely dictated by the water quality of the raw water being treated and the level of treatment 
desired (Michener & Lundberg, 1956). In addition to breakthrough and exhaustion, other values 
should be monitored for use in assessing IX performance. Several parameters of interest are 
described in this section for their relevance toward IX system performance and operation. 
Exchange Capacity 
Defined as the total quantity of exchange groups per unit volume of resin, exchange capacity is 
used to calculate the amount of aqueous-phase ions that can be exchanged onto resin of a certain 
volume (Crittenden et al., 2005; Wachinski, 2006; Michener & Lundberg, 1956). Equations (13) 
through (16) illustrates the use of exchange capacity to calculate the amount of a given source 
water that can be softened using a SAC resin operated to exhaustion. 
Given: 
SAC Resin Exchange Capacity (
𝑚𝑒𝑞
𝑔,𝑟𝑒𝑠𝑖𝑛
): 2  
SAC Resin Volume (g):   830  
Calcium in source water (mg/L):  126 

























) = 4.95 meq/L (14) 
 
Resin Exchange Capacity: (
2𝑚𝑒𝑞
𝑔,𝑟𝑒𝑠𝑖𝑛
) (830𝑔, 𝑟𝑒𝑠𝑖𝑛) = 1,660 meq (15) 
 
Volume of Treated Water: (1,660 𝑚𝑒𝑞)(
𝐿
(6.29+4.95)𝑚𝑒𝑞
) = 148 L  (16) 
 
Specific Throughput 
Specific throughput pertains to the volume of water treated per mass of resin used for a pre-
determined level of treatment. Helpful in engineering calculations, specific throughout aids in 
determining the amount of resin necessary for a desired treatment objective. In addition to 
previously discussed differences in IX resins, they also differ in density, diameter, and moisture 
retention (Crittenden et al., 2005). Equation (17) demonstrates the use of specific throughput to 





):   0.25 
Desired Treatment Volume (MG/Cycle):  0.5 
IX Resin Bulk Density (dry) (
𝑔,𝑟𝑒𝑠𝑖𝑛
𝐿,𝑟𝑒𝑠𝑖𝑛
):  700 





















Leakage of an aqueous ionic species occurs from incomplete regeneration or the exchange of 
competing ions during regeneration of an IX process, whereby the unremoved/exchanged ions 
remaining on the resin can leak into the effluent stream during successive operational runs. 
Leakage in an IX process occurs more frequently when alternative regeneration solutions are used 
that contain additional ionic species and varying concentrations of the original presaturant ion. For 
example, during the process of treating and recycling a used brine solution for regeneration of an 
anion exchange process for perchlorate and nitrate removal, Lehman et al. (2008) monitored 
leakage after each run as the continually-recycled brine solution’s perchlorate concentration 
increased. Using the equilibrium multi-component theory (EMCT) program developed by the 
University of Houston, Lehman et al. (2008)’s study predicted an increase in perchlorate leakage 
as perchlorate concentration in the brine solution increased. Alternative regeneration solutions like 
seawater can also yield unwanted leakage due to the high composition of additional ionic species. 
Potable Water Applications of Ion Exchange 
Ion exchange is a water treatment process commonly used for water softening or demineralization, 
but it is also used to remove other substances from aqueous solutions in processes such as 
dealkalization and deionization. Cation exchange is an IX process used in water treatment to 
remove positively charged ions from water sources. A common applied use of CIX in potable 
water treatment includes the removal of dissolved calcium and magnesium ions that contribute to 
hardness in water (Wachinski, 2006). Although Ross (1927) attributes the IX phenomena to 




of water flowing through soils. However, the technology would not be applied to water treatment 
until the early 1900’s when Gans (1905) discovered that water could be softened using zeolite 
materials. In the mid 1900’s, a sulphonated polystyrene cation exchange resin was invented by 
D’alelio (1942) and forms the basis of today’s SAC resin for hardness removal.  
Anion exchange is an IX process used in water treatment, targeting negatively charged ionic 
species in water. Invented 5 years after modern sulfonated polystyrene CIX, a polystyrene anion 
exchange resin was developed in 1947 by McBurney (1952) in the United States, incorporating 
the amine functional group that is seen in today’s treatment applications of AIX 
Calcium and Magnesium 
Florida groundwater contains elevated calcium and magnesium concentrations, generally ranging 
between 120 and 180 mg/L as calcium carbonate and deemed “hard” water (USDOI & USGS, 
2016). A fair amount of research has been documented related to enhancing and refining the use 
of cation exchange for the removal of calcium and magnesium ions from water sources (Domaine 
et al., 1943; Kearney & Rearick, 2003; Kumar & Jain, 2013; Millar et al., 2014). Recent literature 
on cation exchange has shifted focus to understanding the interactions that take place between 
divalent cations, such as calcium and magnesium, and organic matter (Adusei-Gyamfi et al., 2019). 
Organic matter appears to have negligible effects on the exchange of divalent cations in water 
when equivalence concentrations of the targeted cation species are much greater than that of the 
organic matter (Indarawis & Boyer, 2012). Studies of removing cations and organic matter are 
becoming more relevant as IX processes can incorporate combined IX, comprising both CIX resin 




Sulfate and Organics 
Because proportions of NOM contain carboxylic acid groups, the organic molecules can carry a 
negative charge in water, allowing them to be removed by AIX (Comstock & Boyer, 2014). AIX 
has been shown to be a competitive treatment process in terms of operation and cost for the 
removal of NOM from drinking water sources (Hongve et al., 1999). Understanding the 
composition of NOM has been studied to further identify which types of organic matter carry 
negative charges and are optimal for removal through AIX. Recently, Levchuck et al. (2018) 
reviewed the increased interest of NOM in the scientific community, evaluating water treatment 
methods for removal and identifying the different acids, neutrals and bases of NOM. 
Approximately 60 to 90% of NOM, found in potable water sources carry a negative charge, 
allowing them to be removed by AIX (Bolto et al., 2004). Bolto et al. (2004) also displayed the 
evaluation of 19 different SBA resins for their ability to reduce NOM. 
In addition to NOM removal, AIX can be used to remove targeted inorganic ionic species in water, 
such as sulfate, nitrate, perchlorate, phosphate, hexavalent chromium, fluoride, chloride, bromide 
and others. Potable water sources for drinking water and wastewater treatment contain a spectrum 
of different anionic species that can compete for space on an AIX resin, limiting a resins ability to 
remove a specific constituent. Vaaramaa & Lehto (2003) studied the removals of cations and 
anions using CIX and AIX resins, respectively, from a ground water source, demonstrating 
competition between ionic species for exchange space on the resin. Removing specific inorganic 
ionic species requires synthesizing of the AIX resin to be selective toward a particular ion to reduce 
competition of other aqueous ionic species that may be found in the water matrix. Chubar (2011) 




for competing anionic contaminants that were also present in the water stream. Similar processes 
have been studied for the selective removal of fluoride (Emaraa et al., 2017), phosphate (Chubar 
et al., 2005), nitrate (Samatya et al., 2006), hexavalent chromium (Korak et al., 2017; Piazzoli & 
Antonelli, 2018), and bromide (Boyer & Singer, 2006; Hsu & Singer, 2010; Walker & Boyer, 
2011); however, further research is needed to understand the impact of affecting factors in water, 
such as sulfate (Ye et al., 2012).  
Sulfate has been studied for its affects as a competing anion during the targeted removal of NOM. 
It has been shown that NOM removal decreases when sulfate concentrations increase, 
demonstrating that sulfate is a competing anion to NOM during AIX processes (Wang et al., 2012; 
Phetrak et al., 2012; Ates & Incetan, 2013). Polyacrylic AIX resins with close spacing functional 
groups, such as trimethylamine, have been shown to favor hydrophilic substances such as sulfate 
(Hu et al., 2016). Sulfate has also been studied for its role in corrosion. Chloride-form anion 
exchange resin tends to increase the chloride-to-sulfate mass ratio (CSMR) due to release of 
chloride and uptake of sulfate, and thus has the potential to increase the corrosivity of treated water 
towards lead. Research has shown that an increase in the CSMR can increase lead corrosion in 
water distribution systems (Edwards and Triantafyllidou 2007). Ishii & Boyer (2011) used the 
CSMR to monitor corrosion and found that AIX processes increased the CSMR in the distribution 
system, increasing corrosion potential. Willison & Boyer (2012) also found that higher 
concentrations of sulfate and chloride significantly increased the release of lead in the distribution 
system. It appears that a limited amount of research has been performed to understand the kinetics 
and equilibrium of sulfate removal as it pertains to AIX when treating a potable water source. A 




selectivity and kinetic behavior of AIX when removing nitrate with solutions spiked with 
competing anions (Samatya et al., 2006); kinetic, equilibrium, and thermodynamics of bromide 
have also been investigated using AIX on known concentrations of bromide diluted with distilled 
water (Ding et al., 2012). Tan et al. (2018) recently studied the equilibrium and kinetics of selenate 
and sulfate removal through AIX with single and binary anion solutions. Nonetheless, a 
fundamental understanding of the factors that occur during regeneration of anion exchange resins 
targeting the removal of sulfate from groundwater remains lacking.  
Alternative Regeneration Methods 
Regeneration involves the replacement of the original presaturant ion onto the IX resin and eluting 
the previously targeted ion off the exhausted resin. This is accomplished by running a high 
concentration solution of the original presaturant ion across the resin. As displayed in Table 3, 
typical presaturant ions for IX processes in water treatment are sodium, hydrogen, chloride, and 
hydroxide. Chloride-form resin can pose challenges to the regeneration process, whereby a high 
ionic strength sodium chloride solution (i.e., brine) is used to regenerate the resin, resulting in IX 
waste disposal limitations and chloride ion release to finished water (Hu & Boyer, 2017). 
Alternative brine methods have been investigated. Brine solutions can be reused for multiple 
regenerations in certain instances, saving on costs and reducing brine waste. The ability of the 
brine solution to regenerate an IX process decreases after each regeneration use as it begins to 
decrease in the presaturant ion and increase in the previously targeted ion. Medina et al. (2018) 
studied the efficiencies of regenerating a magnetic ion exchange (MIEX) system for dissolved 




solution, and a treated reused brine solution for brine management options. Studies have also been 
accomplished with regards to regenerating IX resin through multiple stages of different strength 
brine solutions (Korak et al., 2017). In addition to reuse and multiple stage regeneration, Maul et 
al. (2014) compared the use of sodium chloride, potassium chloride, sodium bicarbonate, and 
potassium bicarbonate for their regeneration efficiencies and their overall impact in terms of a life 
cycle assessment (LCA).  
Based on the foregoing discussion, it appears that there has been minimal research on utilizing 
alternative brine streams for regeneration. In coupled hybrid IX-RO applications, RO waste brines 
have been successfully used as regenerant streams for the IX pretreatment process (Venkatesan & 
Wankat, 2011; Zhu et al., 2011). Though alternative brine streams are rarely applied, IX processes 
are regularly found in conjunction with brine related water matrices, such as seawater. Newer 
research has demonstrated the removal of contaminants from seawater using IX: magnesium (Tang 
et al., 2018), carbon dioxide (Willauer et al., 2010), boron (Alharati et al., 2017; Darwish et al., 
2015; Jung & Kim, 2016), lithium (Arroyo et al., 2019; Chen et al., 2017), and strontium (Koshy 
& Pathak, 2020). Documentation regarding the application of seawater as an alternative regenerant 
stream for IX is scarce. Wilf et al. (1980) experimented with seawater taken from the red sea to 
regenerate a CIX system for calcium removal, resulting in a feasible implementation of the process. 
Muraviev et al. (1997) also experimented with seawater as a regenerant solution for a CIX system 
removing copper from acidic mine waters. The performance and impacts of seawater regeneration 
for AIX processes, notably potable water production applications, remains unclear. Coastal water 
utilities employing IX might benefit from seawater regeneration; however, further research is 




Brominated Disinfection By-Products in Potable Water Production 
Chemical disinfectants and oxidants are used in water treatment to control microbial growth and 
to kill/inactivate pathogens and viruses. Many public water systems add a disinfectant to the water; 
the CITY adds chlorine for primary and secondary disinfection purposes. In Florida, the 
monitoring of disinfectant residuals is regulated by the Florida Department of Environmental 
Protection per Chapter 62-550.514 of the Florida Administrative Code (2011) that mandates that 
a residual be maintained throughout the distribution system at no less than 0.2 mg/L. It is well 
known that chemical disinfectants and oxidants used in water treatment form DBPs when in 
contact with NOM and other types of inorganic material (Crittenden et al., 2005; Lange & 
Kawczynski, 1978; Rook, 1974). It is known that bromide reacts with NOM and disinfectants to 
form brominated DBPs (Ackerson et al., 2020; Cooper et al., 1985; Liu et al., 2011; Richardson et 
al., 1999). It is also established that brominated DBPs carry higher health associated risks, 
correlating to higher cytotoxicity and genotoxicity than chlorinated DBPs (Kolb et al., 2017; 
Richardson et al., 1999; Sharma et al., 2014; Yang et al., 2014; Zhai & Zhang, 2011; Zhai et al., 
2014). However, when compared to chlorinated DBPs, studies on brominated DBPs are less 
prevalent (Zhang & Yang, 2018).  
Although over 600 DBPs have been identified in drinking water, only a few by-products are 
regulated under the SDWA (Hrudey, 2009). Among them are total trihalomethanes (TTHMs), 
regulated as the cumulative total of four specific by-products at 80 g/L, and haloacetic acids 
(HAA5s), regulated as the cumulative total of five specific by-products at 60 g/L. Table 4 




Table 4: Regulated Disinfection By-Products 
Class By-Product Compound 
TTHMs 
Trichloromethane (chloroform) CHCl3 
Bromodichloromethane CHCl2Br 
Dibromochloromethane CHClBr2 
Tribromomethane (bromoform) CHBr3 
HAA5s 
Monochloroacetic Acid C2H3O2Cl 
Dichloroacetic Acid C2H2O2Cl2 
Trichloroacetic Acid C2HO2Cl3 
Monobromoacetic Acid C2H2O2Br 






As presented in Table 4, six regulated DBPs contain bromide, making it an important parameter 
in DBP formation (Richardson et al., 1999; Heeb et al., 2014). Ding et al. (2012) demonstrated the 
adsorption ability of MIEX resin to remove bromide from raw water to reduce brominated DBPs. 
Similarly, Soyluoglu et al. (2020) recently investigated the use of bromide-selective IX resins for 
the removal of bromide to reduce DBPs. Not only does bromide contribute to increased DBPs, it 
also shifts the type of DBP species that are formed; decreasing chlorinated DBP species as 
brominated DBP species increase (Dyck et al., 2015; Kolb et al., 2017; Richardson et al., 1999).  
Seawater contains bromide, thus leading to potential increased amounts of bromide in treated 
water. Szczuka et al. (2017) and Liu et al. (2018) identified brominated DBP formation from a 
saline water source due to elevated levels of bromide. Ged & Boyer (2014) also investigated the 
correlation between seawater intrusion and increased brominated DBPs. Additional research is 
needed to investigate the impacts of bromide leakage from AIX seawater regeneration on 




CHAPTER 3: MATERIALS AND METHODS 
Bench-Scale Column Testing 
The performance and impacts of regenerating an AIX process with seawater while targeting the 
removal of sulfate from groundwater was investigated at the bench-scale using small-scale 
columns. Varied salt concentrations were added to Sarasota Bay seawater and used as regenerant 
solutions to assess the effects of increased chloride concentrations on the regeneration process 
when compared to the manufacturer-recommended 10 % (by volume) salt method. The objectives 
during column testing were as follows: 
1. Investigate the performance of AIX to remove sulfate and NOM during regeneration 
activities using seawater, and salt-supplemented seawater, conditions. 
2. Assess the secondary impacts of regenerating an AIX process with seawater, and salt-
supplemented seawater solutions. 
Bench-Scale Equipment 
An AIX bench-scale column unit was constructed to evaluate the performance and impacts of 
seawater regeneration. The bench unit was operated using a parallel four-column design using 
DWK Life Sciences™ (1501 North 10th Street Millville, New Jersey) Kontes™ FlexColumn™ 
chromatography columns, constructed of 15 mm diameter borosilicate glass with luer-lock 
polypropylene inlet and outlet fittings containing a 20 m polyethylene bed support disc for media 
retention, were employed for column testing experiments. Inlet and outlet fittings were equipped 




tubing adaptors for flow-rate adjustment. Additional media support was provided by a 5 cm layer 
of 3 mm diameter glass beads, housed above the 20 m polyethylene bed support disc. A Cole 
Palmer™ Masterflex® peristaltic pump, attached with an extended four-roller adaptable pump 
head, and four Click’n’go™ adjustable occlusion minicartridges, provided flow to each column in 
parallel. Masterflex L/S® Precision pump tubing was connected to Thermo Scientific™ (168 Third 
Avenue Waltham, Massachusetts) Nalgene® 180 Clear Plastic PVC tubing and used to transport 
feed solutions from a 20 L cylindrical Nalgene® storage tank through the peristaltic pump and into 
each column. Figure 4a displays a picture of the column arrangement and Figure 4b exhibits the 
solution storage, tubing, and pumping configuration used throughout column testing. A desiccator 
was used to properly dry the anion resin prior to column loading. 
  






Water Quality and Reagents 
Table 5 presents a listing of values for a number of parameters that describe the quality of the 
Verna groundwater and Sarasota Bay. Significant differences are noted between the two different 
waters, except listed pH and temperature components. 






pH s.u. 7.83 7.83 
Temperature °C 25.3 25.3 
Conductivity S/cm 992 47,400 
Turbidity NTU 0.613 2.24 
ORP mV +174 +100 
Alkalinity mg/L as CaCO3 113 103 
DOC mg/L 1.77 < 0.25 
UV-254 cm-1 0.047 0.029 
TDS mg/L 821 33,600 
TSS mg/L 1.88 64 
Sulfate mg/L 597 3,520 
Chloride mg/L 27.3 18,600 
Bromide mg/L < 0.2 81.3 
Fluoride mg/L < 0.5 < 0.1 
Calcium mg/L 126 344 
Magnesium mg/L 60.2 1,150 
Sodium mg/L 13.5 9,710 
Potassium mg/L 2.46 4,100 
Strontium mg/L 21.8 5.89 
Silica mg/L 25.7 < 0.005 
 
The CITY’s aerated Verna groundwater was used as the feed solution during column operations. 
Bulk samples of Verna groundwater were collected in 15-gallon plastic drums from the CITY’s 
WTF and transported to UCF, where they were stored at 4°C prior to use. Sulfate concentrations 




approximately 12.1 meq/L to 13.0 meq/L. In addition to removing sulfate, AIX resin has the 
affinity to exchange with negatively charged organics, reducing sulfate removal efficiency. DOC 
of the Verna groundwater averaged 1.77 mg/L, with an average UV-254 reading of 0.047cm-1. 
Bulk Verna groundwater samples also contained an average of 1.88 mg/L of total suspended solids 
(TSS), possessing the potential to interfere with the AIX resin bed. 
The SBSW was utilized during the regeneration process. Bulk samples of SBSW were collected 
in 15 gallon plastic drums, from the CITY’s WTF and transported to UCF, where they were stored 
at 4°C prior to use. Samples were warmed to room temperature, around 25.3°C, before use as a 
regenerant solution. Conductivity values of SBSW ranged between 44.3 mS/cm and 49.5 mS/cm, 
with an average total dissolved solids (TDS) concentration of 33,600 mg/L. Chloride 
concentrations in SBSW averaged 18,600 mg/L, making it an attractive option for regeneration 
purposes; however, SBSW also contained 3,520 mg/L of sulfate and 81.3 mg/L of bromide, both 
carrying the potential to act as competing anions to chloride. Additionally the filtered SBSW also 
contained approximately 64 mg/L of TSS, possessing the potential to interfere with the AIX resin 
bed.  
In order to investigate the performance and impacts of SBSW regeneration, four different 
regenerant solutions were prepared and tested. Figure 5 outlines the composition of each 
regenerant solution. Solutions were prepared in 1 L volumetric flasks as shown in Figure 6 using 
SBSW, distilled water, and sodium chloride (NaCl). Pinch-a-Penny® (PO Box 6025 Clearwater, 
Florida) Salinity Fine Grain Pool Salt was used for NaCl addition, consisting of >99% sodium 





Figure 5: Regenerant Solution Compositions 
 




Regenerant solution 1 (RS1) consisted of SBSW. Regenerant solution 2 (RS2) consisted of SBSW 
with the addition of 1% (by volume) NaCl, approximately 10 g/L. Regenerant solution 3 (RS3) 
consisted of SBSW with the addition of 3% (by volume) NaCl, approximately 30 g/L. Regenerant 
solution 4 (RS4) modeled conventional salt regeneration, containing 10% (by volume) NaCl; 
approximately 100 g/L in distilled water. Solutions were then transferred to 500 mL Erlenmeyer 
flasks prior to use. Table 6 presents the average pH and conductivity of each regenerant solution. 
Table 6: Regenerant Solution Water Quality 
Regenerant Solution pH (s.u.) Conductivity (S/cm) 
RS1 7.83 47,400 
RS2 7.83 62,200 
RS3 7.73 83,300 
RS4 7.01 125,000 
 
Thermax (Pune, India) Tulsion® A-32 (A-32) anion resin (Figure 7) was chosen for column testing 
operations because of its attractive resin characteristics for the application of removing sulfate and 
delineating the performance and impacts of seawater regeneration. The A-32 resin is a SBA Type-
2 resin in the chloride form, comprised of a polystyrene copolymer matrix structure with 
quaternary ammonium functional groups and wields a theoretical exchange capacity of 1.3 eq/L, 
capable of handling the high sulfate loading from Verna groundwater. Table 7 outlines the resin 





Figure 7: Thermax Tulsion® A-32 Anion Resin Contained in the Laboratory Column Set-up 
Table 7: Thermax Tulsion® A-32 Anion Resin Characteristics 
Resin Characteristic Thermax Tulsion® A-32 
Type Strong Base Type 2  
Matrix Structure Polystyrene Copolymer 
Functional Group Quaternary Ammonium  
Physical Form Moist Spherical Beads 
Ionic Form Chloride 
Screen Size USS (wet) 16 to 50 
Particle Size (mm) 0.3 to 1.2 
Total Exchange Capacity (eq/L) 1.3 
Swelling (%) 12 
Moisture Content (%) 44 to 50 
Backwash Settled Density (g/L) 690 to 720 
Maximum Operating Temperature 60°C (140°F) 
pH Range 0 to 14 





Bench-Scale Experimental Procedures 
A total of four operational runs (R1 through R4) and three regeneration cycles (Reg1 through 
Reg3) were carried out over the course of column testing to elucidate the performance and impacts 
of seawater-based regeneration when compared to manufacturer-recommended, 10 % (by volume) 
salt, regeneration methods. Each run consisted of four columns (Column 1 through Column 4) 
operating in parallel, treating Verna groundwater in a co-current flow configuration. Each 
regeneration cycle consisted of Column 1 through Column 4 undergoing regeneration in a counter-
current flow configuration, each column receiving a different regenerant solution.  
R1 consisted of a preliminary operational run, intended to exhaust the resin bed and exchange 
initial solid-phase ions with aqueous ions in the Verna groundwater. Operational runs were 
performed three times (R2 through R4), with a regeneration cycle between each run (Reg1 through 
Reg3). Column 1 was consistently regenerated using RS1, Column 2 was consistently regenerated 
using RS2, Column 3 was consistently regenerated using RS3, and Column 4 was consistently 
regenerated using RS4. Figure 8 denotes the order of operational runs and regeneration cycles. 
 
Figure 8: Column Testing Experimental Order 
Prior to the start of operations, each column was loaded with 11 g of dry anion resin to a resin bed 
depth of approximately 16.7 cm. Virgin anion resin was first dried in a desiccator for a minimum 
of 24 hours and weighed using an analytical balance to an accuracy of one hundredth of a gram. 
Dried anion resin was then mixed with distilled water and added in the form of resin “slurries” to 




each of the four columns. After column loading, a 5-minute backwash cycle was performed on 
each column to evenly distribute the virgin resin bed. The backwash cycle was performed at a 
flowrate of 20 mL/min, in a counter-current flow configuration, using distilled water. Verna 
groundwater was poured into a 20 L Nalgene™ cylindrical tank and allowed to warm to room 
temperature, approximately 25.3°C, prior to column operations. Tubing was primed with Verna 
groundwater and adjusted to a targeted flowrate of 20 mL/min, equating to a surface loading rate 
(SLR) of 2.8 gpm/ft2. A list of bench-scale operating parameters can be found in Table 8. 
Table 8: Bench-Scale Column Operating Parameters 
Parameter Value 
Flowrate (mL/min) 20 
Column Diameter (mm) 15 
Total Bed Height Per Column (mm) 167 
Bed Volume Per Column (mL) 29.5 
Surface Loading Rate (mm^3/min-mm^2) 113 
Volumetric Loading Rate (mm^3/min-mm^3) 0.70 
Empty Bed Contact Time Per Column (min) 1.47 
 
During R1 through R4, columns were operated in parallel over a 5-hour period to obtain sufficient 
exhaustion of the resin beds. A sample of Verna groundwater was collected at the initiation of each 
operational run whereas effluent samples were collected from each column at time intervals 





Table 9: Column Sample Frequency  
Sample No. Time (hrs) Bed Volumes (BV) 
1 0 0 
2 1.0 40.8 
3 2.0 81.5 
4 2.5 102 
5 3.0 122 
6 3.5 143 
7 4.5 183 
8 5.0 204 
 
During Reg1 through Reg3, columns were regenerated individually at a flowrate of 40 mL/min in 
a counter-current flow configuration until effluent conductivity values matched regenerant 
solution values, approximately 18-20 minutes. Conductivity values were measured every 2 
minutes using a Hach® (PO Box 389 Loveland, Colorado) HQ 40d field probe. A rinse cycle, 
consisting of distilled water, was performed on each column after regeneration to remove saturated 
ions from the resin bed. Rinse cycles were executed at a flowrate of 40 mL/min in a counter-current 
flow configuration until effluent conductivity values dropped below 100 S/cm, approximately 6-
8 minutes. 
Bench-Scale Sample Preparation and Data Analysis 
Samples were collected in 125 mL polyethylene bottles and filtered using a 0.45 micron 
MilliporeSigma™ (400 Summit Drive Burlington, Massachusetts) mixed cellulose ester 
membrane. Dilutions, where appropriate, were made using high purity Fisher Scientific NERL 
water. Anion analysis was performed using a Dionex ICS-1100 ion chromatograph, depicted in 




UV/Persulfate Analyzer, pictured in Figure 10. Additional organic measurements were taken with 
a Hach® DR 5000™ UV-Vis spectrophotometer, displayed in Figure 11. Samples were executed 
in accordance with Standard Methods for the Examination of Water and Wastewater (Baird et al., 
2017) during instrument analysis. Appendix B provides a list of the methods, required equipment, 
and method detection levels of each pertinent water quality parameter. 
 





Figure 10: Teledyne Tekmar Total Organic Carbon Fusion UV/Persulfate Analyzer 
 
Figure 11: Hach® DR 5000™ UV-Vis Spectrophotometer 
Instrument data was analyzed using Microsoft® (1 Microsoft Way Redmond, Washington) Excel 
to build breakthrough/exhaustion curves and constituent graphs depicting removal/elution rates of 
constituents. Instrument data was used to calculate breakthrough/exhaustion times, exchange 
capacity, specific throughput, ion leakage, and other operational parameters to assess changes in 





Batch jar testing was carried out to explore the equilibrium and kinetic relationship between 
chloride and bromide in an AIX regeneration process. Synthetic solutions using distilled water, 
spiked with bromide and varying salt concentrations, and SBSW, were added with AIX resin for 
the determination of equilibrium values, kinetic rates, and rate-controlling mechanisms. The 
objectives of jar testing experiments were as follows: 
1. Identify equilibrium, kinetics, and rate-controlling steps of bromide in an AIX process. 
2. Assess changes to equilibrium, kinetics, and rate-controlling steps of bromide in the 
presence of high chloride concentrations. 
3. Determine the amount of bromide exchanged onto AIX resin at equilibrium from a 
seawater matrix, and at what rate compared to water matrices containing lower 
concentrations of chloride. 
Jar Test Equipment 
A Phipps & Bird™ PB-900 programmable jar tester (Figure 12a) capable of mixing six jars in 
parallel was used to explicate the equilibrium and kinetics of bromide adsorption in the presence 
of chloride. Six Phipps & Bird™ B-KER2 square, acrylic, 2 L jar testing jars (Figure 12) were used, 
containing 1 L solutions. A constant mixing speed of 100 rpm was maintained during experiments. 
Ding et al. (2012) identified 100 rpm as an optimum stirring speed at a solution volume of 1L. 
Each testing jar was equipped with a sample port, located at the 500 ml mark, and was used to 




stirring plate, was used to consistently mix solutions prior to jar testing. The magnetic stirring plate 
was set to a stable mixing speed as solutions were added and allowed to mix. 
  
Figure 12: Phipps & Bird™ PB-900 Jar Tester (12a); Phipps & Bird™ B-KER2 Square, Acrylic, 2 
L Jar (12b) 
Water Quality and Reagents 
Solutions of varying salt strengths, spiked with bromide, were synthesized with distilled water and 
used throughout jar testing experiments. Figure 13 outlines the different solution compositions. 
Salinity Fine Grain Pool Salt was used for NaCl addition, consisting of >99% sodium chloride 
purity and certified USP Grade salt. Alfa Aesar™, 99.9% (metals basis) purity, lithium bromide 
(LiBr) anhydrous was used to achieve desired bromide concentrations. NaCl and LiBr were 
weighed using an analytical balance and mixed with distilled water in 2 L volumetric flasks. The 
SBSW was also utilized during jar testing experiments. Bulk samples were collected in 15 gallon 





to use. Samples were warmed to room temperature, around 25.3°C, before use. A full list of the 
average SBSW quality can be found in Table 5. 
 
Figure 13: Synthetic Solution Compositions 
Synthetic solution 1 (SS1) consisted of distilled water, spiked with lithium bromide anhydrous to 
a bromide concentration of approximately 71.5 mg/L. Synthetic solution 2 (SS2) consisted of 
distilled water, 72.3 mg/L bromide, and 0.12% (by volume) of NaCl. Synthetic solution 3 (SS3) 
consisted of distilled water, 71.0 mg/L bromide, and 0.33% (by volume) of NaCl. Synthetic 
solution 4 (SS4) consisted of distilled water, 77.3 mg/L bromide, and 1% (by volume) of NaCl. 
Synthetic solution 5 (SS5) consisted of distilled water, 80.1 mg/L bromide, and 3% (by volume) 
of NaCl. Solution 6 (S6) consisted of SBSW. Solutions were synthesized and tested at room 
temperature, approximately 25.3°C. Table 10 presents the water quality of each solution used 


















SS1 5.72 999 0 71.5 0 0 
SS2 5.75 2,350 702 72.3 9.71 21.9 
SS3 5.62 5,620 1,840 71.0 25.9 58.4 
SS4 5.78 15,400 5,410 77.3 70.0 158 
SS5 5.98 47,400 17,800 80.1 222 496 
S6 7.79 50,500 18,900 77.2 245 553 
 
Thermax Tulsion® A-32 anion resin (Figure 7) was retained for use during jar testing experiments 
because of its useful implementation in potable water applications for removing negatively 
charged ionic constituents. Thermax Tulsion® A-32 is a SBA Type-2 resin in the chloride form, 
comprised of a polystyrene copolymer matrix structure with quaternary ammonium functional 
groups. Thermax Tulsion® A-32 wields a theoretical exchange capacity of 1.3 eq/L. Table 7 
outlines the resin characteristics of Thermax Tulsion® A-32 anion resin. 
Jar Test Experimental Procedures 
A total of 18 experiments (Exp1 through Exp18) were carried out during jar testing procedures. 
Five synthetic solutions (SS1-SS5) and SBSW (S6) were evaluated, in triplicate, for AIX bromide 
equilibrium and kinetics. Each experiment consisted of six (consistently mixed) jars operating in 
parallel until AIX equilibrium was achieved, approximately two hours. Samples were collected at 
periodic time intervals and analyzed for changes in bromide concentration. Figure 14 outlines the 






Figure 14: Jar Testing Experimental Order 
Experiments were performed in triplicate for each tested solution.  Prior to the start of Exp1 
through Exp3, 20 L of SS1 was synthesized in a Nalgene™ cylindrical tank and mixed using a 
magnetic stirring plate set to a stable mixing speed. A sample of SS1 was collected and used as 
the starting sample for Exp1 through Exp3. Exp1 began by filling each of the six jars with 1 L of 
SS1 and set to a mixing speed of 100 rpm. 5 g of dried Thermax Tulsion® A-32 anion resin was 
then added simultaneously to each jar and mixed for two hours. Samples were collected from Jar’s 
one through six at 5 min, 10 min, 20 min, 40 min, 60 min, and 120 min respectively. Exp2 and 
Exp3 were carried out in the same fashion. The procedure for Exp1 through Exp3 was then 
repeated for each solution, resulting in triplicate samples of each time interval.   
Jar Test Sample Preparation and Data Analysis 
Samples were collected in 125 mL polyethylene bottles and filtered using a 0.45 micron 
MilliporeSigma™ mixed cellulose ester membrane. Dilutions, where appropriate, were made 
using high purity Fisher Scientific NERL water. Anion analysis was performed using a Dionex 
ICS-1100 ion chromatograph, depicted in Figure 9. Samples were executed in accordance with the 




























instrument analysis. Appendix B provides a list of the methods, equipment, and method detection 
levels of each pertinent water quality parameter. 
Instrument data was analyzed using Microsoft® Excel to evaluate changes in bromide 
concentration over time. Adsorption rates were graphed and fitted to various rate equations.  
Adsorption values and rate constants were derived from best fit rate equations. Equilibrium 
constants, selectivity coefficients, and separation factors were developed from instrument data to 
demonstrate bromides affinity for AIX resin in the presence of varying chloride concentrations. 
Disinfection By-Product Formation Chemistry 
Experiments were conducted with the CITY’s aerated Verna groundwater, spiked with various 
bromide concentrations, to assess changes in DBP formation and speciation. Bromide 
concentrations observed in the effluent samples of column testing experiments were applied in 
attempts to correlate the impacts of bromide elution from seawater-based regeneration to DBP 
formation. Free chlorine was used as a disinfectant, simulating post treatment operations of potable 
water production. Samples were incubated for up to 4 days and analyzed for TTHM formation 
potential, 4-day HAA5 concentration, and chlorine residual. The objectives of DBP formation 
experiments were as follows: 
1. Assess changes to TTHM formation when bromide concentration is varied. 
2. Illuminate shifts in DBP speciation when bromide concentration is varied. 




Equipment for DBP Experiments 
Bench-scale equipment was used to investigate the changes in DBP formation from various 
bromide concentrations. A 3 L glass beaker situated on a magnetic stirring plate, set to a constant 
stirring speed, was used to mix different groundwater solutions. A 2 L volumetric flask was used 
to dose aqueous sodium bromide (NaBr) into Verna groundwater. 60 ml glass amber bottles were 
used for TTHM and chlorine samples, 125 ml plastic bottles were used for solution samples, and 
40 ml glass amber vials were used for HAA5 samples. Figure 15 displays a picture of bench-scale 
dosing experiments. 
 
Figure 15: Bench-Scale Dosing Experiments 
Water Quality and Reagents for DBP Experiments 
The CITY’s aerated Verna groundwater was used during DBP formation experiments. Bulk 
samples of Verna groundwater were collected in 15-gallon plastic drums, from the CITY’s WTF 
and transported to UCF, where they were stored at 4°C prior to use. The Verna groundwater 




Additional data regarding the average Verna groundwater quality was presented previously in 
Table 5. Bromide concentrations were achieved by dosing Verna groundwater with known 
volumes of SPEX CertiPrep™, 1000 g/mL, Bromide Standard for Ion Chromatography solution, 
in the form of NaBr. Chlorine addition was accomplished by adding known volumes of a sodium 
hypochlorite stock solution. Quenching agents were used to prevent further TTHM and HAA5 
formation in samples during hold times between sample collection and analysis. 10 g of sodium 
sulfite anhydrous was dissolved in 100 mL of distilled water and used to quench TTHM samples. 
5 g of ammonium chloride anhydrous was dissolved in 100 mL of distilled water and used to 
quench HAA5 samples. 
 
Figure 16: Groundwater Solution Compositions 
Each groundwater solution was spiked with a different concentration of bromide, outlined in 




observed during column testing of each column. Column testing identified that NaCl addition to 
SBSW decreased bromide exchange during regeneration, subsequently reducing bromide elution. 
Groundwater solution 1 (GS1) contained aerated Verna groundwater and 2.13 mg/L bromide, 
correlating to the average bromide elution concentration observed in samples from Column 1. 
Groundwater solution 2 (GS2) contained aerated Verna groundwater and 1.82 mg/L bromide, 
corresponding to the average bromide elution concentration observed in samples from Column 2. 
Groundwater solution 3 (GS3) contained aerated Verna groundwater and 1.25 mg/L bromide, 
correlating to the average bromide elution concentration observed in samples from Column 3. 
Groundwater solution 4 (GS4) contained aerated Verna groundwater and 0.22 mg/L, 
corresponding to the minimum detection level of bromide (0.20 mg/L) for samples observed in 
Column 4. Bromide was not detected in Column 4 samples; the minimum detection value of 
approximately 0.20 mg/L was added to GS4 to simulate the highest amount of bromide elution 
that might have been present. Each groundwater solution was dosed with 3.83 mg/L of chlorine at 
the start of experiments. 
Experimental Procedures for DBP Evaluation 
Chlorine demand of the aerated Verna groundwater was first determined to establish a chlorine 
dosage that would provide a residual concentration of 0.2-1.0 mg /L after four days of incubation 
at 30°C. This range was chosen to simulate distribution system residuals of potable water utilities. 
Chlorine doses of 2 mg/L, 3 mg/L, and 4 mg/L were added to three different glass beakers 
containing 2 L of aerated Verna groundwater. Each solution was mixed, via a magnetic stirring 
plate, for 30 seconds after chlorine addition and poured into 60 mL glass vials. Chlorine 




48 hours, and 96 hours after chlorine addition. Interpolation of the collected chlorine 
measurements resulted in an optimal chlorine dose of 3.83 mg/L. 
A total of 12 formation potential experiments (FPE1 through FPE12) were performed. Four 
groundwater solutions (GS1-GS4) were evaluated, in triplicate, to determine 96-hr TTHM 
formation potential, 96-hr HAA5 concentrations, and DBP speciation. Figure 17 outlines the order 
of experiments. 
 
Figure 17: Formation Potential Experimental Order 
Groundwater solutions were synthesized in a 2 L volumetric flask and added to a 3 L glass beaker. 
The glass beaker was situated on top of a magnetic stirring plate, set at a constant mixing speed. 
A chlorine dose of 3.83 mg/L was added and allowed to mix for 30 seconds. The disinfected 
groundwater solution was then used to fill 60 mL glass amber bottles, 40 mL glass amber vials, 




















and were used to measure TTHM concentration and free chlorine. 40 mL glass amber vials were 
incubated at 30°C for four days and transported to Advanced Environmental Laboratories, Inc. for 
HAA5 analysis. 125 mL plastic bottles were used to measure bromide concentration and general 
water quality parameters. Quenched samples were stored at 4°C until analysis. A picture of the 
sample containers used in FPE1 through FPE12 are shown in Figure 18 and a picture of samples 
incubating at 30°C are displayed in Figure 19. 
 
Figure 18: DBP Formation Experiment Sample Vials 
 




Sample Preparation and DBP Data Analysis 
Free chlorine samples were diluted, when appropriate, to below 2 mg/L and measured using a 
Hach® DR 2700 spectrophotometer (Figure 20). TTHM samples were quenched and prepared in 
accordance with Standard Method (SM): 5710 of the Standard Methods for the Examination of 
Water and Wastewater (Baird et al., 2017). TTHM samples were then analyzed using a Perkin 
Elmer® gas chromatograph (Figure 21). HAA5 samples were quenched and stored at 4°C. HAA5 
samples were then transported to Advanced Environmental Laboratories, Inc. and analyzed 
according to USEPA method 552.2. Appendix B provides a list of the methods, equipment, and 
method detection levels of each pertinent water quality parameter. 
 





Figure 21: Perkin Elmer® Gas Chromatograph 
Instrument data was analyzed using Microsoft® Excel software to create chlorine decay curves, 
TTHM formation potential curves, and HAA5 analysis. TTHM and HAA5 speciation 
compositions were evaluated to determine shifts in DBP formation types. Concentrations were 
compared and correlated to bromide concentrations observed in column samples after seawater-






CHAPTER 4: RESULTS  
Bench-Scale Column Testing 
Bench-scale columns were fabricated and operated to investigate the relative performance and 
secondary impacts of using alternative seawater-based regeneration methods for an AIX process 
designed to remove sulfate and NOM. Sarasota Bay seawater, and synthesized salt solutions as 
regenerant streams were compared to conventional regeneration methods. This investigation relied 
on the use of four bench-scale columns, housed with SBA resin, operating in parallel under 
different regeneration conditions. Sulfate saturation loading curves (SLCs) for each column are 
graphed and displayed. Sulfate breakthrough, exhaustion, exchange capacity, and specific 
throughput are calculated and compared to delineate changes in AIX performance. Natural organic 
matter uptake is analyzed by observing changes in DOC and UV-254 measurements. Impacts of 
seawater regeneration is assessed through the determination of ion leakage, comparing AIX feed 
water quality to treated water quality. Summarized performance values and individual SLCs, 
including chloride release, DOC uptake, and bromide elution are provided in Appendix C. 
Each column was regenerated individually with a different solution until effluent conductivity 
values exiting the column matched the conductivity of the regenerant, approximately 18 to 20 
minutes. Column’s 1 through 4 were regenerated with solutions RS1 through RS4 (Figure 5). 





Figure 22: Regeneration Curves 
Once regenerated, the four columns were operated in parallel until sulfate exhaustion was reached. 
Sulfate SLCs of each column are presented in Figure 23. It appears from Figure 23 that Column 
1, regenerated with SBSW, began to saturate first. Column’s 2 and 3, regenerated with 1% and 3% 
salt enhancements of SBSW, followed suit and saturated at comparable rates. Column 4, 
regenerated with 10% salt in distilled water, operated the longest before sulfate saturation. 
Column’s 2 through 4 seemed to experience sulfate breakthrough around similar bed volumes; 
however, Column 1 reached breakthrough considerably quicker than the other three columns. The 
SLCs suggest that increasing the chloride concentration of the regenerant solution increases the 





Figure 23: Sulfate Saturation Loading Curves 
Breakthrough and Exhaustion 
Breakthrough occurs when effluent concentrations of the targeted ionic constituent exceed a 
predetermined level of treatment. For this work, a sulfate value exceeding 10% of the feed water 
sulfate concentration, approximately 60 mg/L, was determined as the breakthrough point. 
Exhaustion occurs when effluent concentrations match feed water concentrations. To account for 
slight variations in sulfate, a value exceeding 90% of the feed water sulfate concentration, 
approximately 540 mg/L, was chosen as the exhaustion point. Breakthrough values were 
calculated through exponential interpolation and exhaustion values were calculated through 





Table 11: Average Sulfate Breakthrough and Exhaustion Values 
Parameter 
Column 
1 2 3 4 
Breakthrough (BV) 
(10% of feed) 
67.5 74.4 72.4 76.6 
Exhaustion (BV) 
(90% of feed) 
138 141 147 151 
 
Breakthrough was first reached in Column 1, at 67.5 BV. Breakthrough is then reached at 72.4 BV 
in Column 3, followed two bed volumes later by Column 2. Column 4 had the longest time to 
breakthrough, at 76.6 BV. Time to exhaustion was reached sequentially in Column’s 1 through 4, 
ranging from 138 BV to 151 BV respectively. Breakthrough and exhaustion data concur with the 
observations made from column SLCs. 
Exchange Capacity 
Exchange capacity is defined as the total quantity of exchange groups per unit volume of resin 
(Crittenden et al., 2005; Wachinski, 2006; Michener & Lundberg, 1956). Exchange capacity 
allows for a commensurate comparison of resin performance, capable of comparing runs that differ 
in feed sulfate concentrations. During this study, equivalent feed concentrations of sulfate ranged 
from 12 to 13 meq/L. Applying the operational parameters outlined in Table 8 and using 
exhaustion values given in Table 11, exchange capacity of sulfate was calculated for each column. 





Table 12: Average Sulfate Exchange Capacity 
Parameter 
Column 
1 2 3 4 
Exchange Capacity  
(eq/Lres,wet) 
1.74 1.77 1.85 1.90 
 
Column 4, Conventional 10% salt regeneration, experienced a resin exchange capacity of 1.90 
eq/L. A performance loss of 2.63% was observed in Column 3 when compared to Column 4, 
yielding an exchange capacity of 1.85 eq/L. Performance decreased by 6.84% in Column 2 when 
compared to Column 4, resulting in 1.77 eq/L exchange capacity. Performance decreased by 8.42% 
in Column 1 when compared to Column 4, resulting in 1.74 eq/L exchange capacity. Results 
indicate that salt enhancement to SBSW improves resin performance. Comparing Column’s 1 
through 3 to Column 4, we see that alternative seawater regeneration methods decrease the AIX 
resin’s capacity to uptake sulfate in succeeding operations.  
Specific Throughput 
Specific throughput pertains to the volume of water treated per mass of resin used for a pre-
determined level of treatment. Applying the operational parameters outlined in Table 8 and using 
exhaustion values given in Table 11, specific throughput was calculated for each column. Table 
13 displays the average specific throughput for each column.  
Table 13: Average Specific Throughput 
Parameter 
Column 
1 2 3 4 
Specific Throughput  
(L/gres,dry) 




Specific throughput values increased from Column 1 through Column 4. With an increase of 1% 
salt to SBSW (Column 2), specific throughput increased by 7 mL/gres,dry. Increasing salt addition 
by 3% to SBSW (Column 3), specific throughput increased by 24 mL/gres,dry. Specific throughput 
increased by 34 mL/gres,dry when regenerating with a 10% salt solution (Column 4) compared to 
SBSW (Column 1). 
Natural Organic Matter Removal 
In addition to removing selective anions like sulfate, additional anionic constituents have the 
potential to compete for exchange groups on the resin. Because proportions of NOM contain 
carboxylic acid groups, the organic molecules can carry a negative charge in water, allowing them 
to be removed by anion exchange (Comstock & Boyer, 2014). Natural organic matter removal was 
monitored throughout column testing by measuring DOC and UV-254. The Verna groundwater 
used during column experiments contained an average DOC value of 1.77 mg/L and a UV-254 
reading of 0.047 cm-1. Figure 24 presents the average DOC removed and average UV-254 decrease 





Figure 24: DOC and UV-254 Values 
DOC removal among the four columns was consistent, between 85.8% and 89.2%. Similar 
observations were noted in UV-254 measurements, averaging 65.2% to 73.6% reduction. There 
was a slight observed improvement in DOC removal from Column 1 through Column 3. The same 
trend was also noticed for a decrease in UV-254 measurements. Column 4 experienced a slight 
decrease in organic removal capabilities compared to Column 3, but outperformed Column’s 1 
and 2. Appendix C displays each Column’s average organic removal rates during operational runs 
to exhaustion. 
Suspected Fouling/Clumping 
During column operations, small clumps of an unknown material formed in each of the four 
columns (Figure 25). This clumping/fouling of the anion resin may have resulted in performance 




the top of the resin bed during column operation (Figure 25a). During counter-current regeneration, 
the clumped resin material began to descend through the resin bed (Figure 25b) and settled at the 
bottom of the resin bed (Figure 25c). Clumping/fouling of the anion resin was observed in each of 
the four columns during each operational experiment. Analysis was not performed on the unknown 
material in this work. The complex water matrix of the Verna groundwater that is a natural water 
supply contains a mixture of organics and other constituents, including microbiologicals, that may 
contribute to the irreversible fouling observed during column experiments. Because these systems 
are natural systems, it is possible that a microbiologically mediated solids formation was a 
contributing factor, taking into account the fact that the regenerant had been disinfected, filtered 
and scavenged to remove the disinfectant prior to use. This phenomena was not fully vetted in this 
research, but clumping did not appear to impact the operating performance experienced. The Verna 
groundwater contained an average of 1.88 mg/L TSS, an average turbidity value of 0.613 NTU, 





   
Figure 25: Resin Clumping/Fouling Formed at Top of Resin Bed (25a); Descending Through 
Resin Bed (25b); Settled at Bottom of Resin Bed (25c) 
Bromide Exchange from Sarasota Bay Seawater 
In addition to investigating performance conditions, the study assessed potential impacts that the 
use of SBSW as a regenerant may impart to treated water quality. This included a composition 
analysis of the treated column effluent, comparing the results to the Verna feed water matrix. 
Because SBSW contains an array of additional constituents, including microbiologicals, there is 
potential for interference in the ion competition with chloride during the regeneration process. 
Bromide contains a larger molecular weight, ionic radius, and atomic number than chloride, 
although both share the same valence state. Generally, ionic species with higher ionic radii, 
hydrated radii, molecular weight, atomic numbers, and valence are preferred (Crittenden et al., 
2005; Tan & Kilduff, 2007). The SBSW contains approximately 81 mg/L of bromide, representing 
a strong competing anion for exchange sites on a chloride-form AIX resin.  




Bromide concentrations were detected in the treated effluent of the columns regenerated with 
SBSW (Columns 1 through 3). Bromide concentrations were not detected in Column 4. Bromide 
was also not detected in the Verna feed water based on a method detection limit of 0.2 mg/L. The 
observed bromide concentrations were presumed to be from the SBSW supply, exchanging onto 
the AIX resin during the regeneration process and subsequently eluting during succeeding column 
runs. Figure 26 displays the bromide elution curves of Columns 1 through 3. Appendix C displays 
individual bromide elution curves for Columns 1 through 3. 
 
Figure 26: Bromide Elution Curves 
The bromide elution curves in Figure 26 demonstrate a correlation between bromide elution and 
salt concentration. Column 1 experiences the highest amount of bromide elution, yielding an 




2 to an average of 1.82 mg/L. Continuing with the addition of 3% salt, bromide elution in Column 
3 decreased to an average of 1.25 mg /L. Bromide elution was not detected in Column 4, utilizing 
a 10% strength salt solution in distilled water for regeneration. Average bromide elution 
concentrations are presented in Table 14.  
Table 14: Average Column Bromide Elution Concentrations 
Parameter 
Column 
1 2 3 4 
Bromide Elution 
(mg/L) 
2.13 1.82 1.25 <0.20 
 
Increasing the salt content of SBSW increases the ratio of chloride ions to bromide ions in the 
water matrix. As the ratio of chloride ions to bromide ions increases, the resin’s selectivity toward 
chloride increases, decreasing bromide exchange and subsequent bromide elution. The separation 
factor of the AIX resin at the chloride to bromide molar ratio (CBMR) found in SBSW appears to 
allow for bromide exchange. As the CBMR increases, the AIX resin’s affinity toward bromide 
decreases, presenting a direct relationship between the two. Previous research has utilized chloride 
to bromide ratios for use in identifying movements and origins of salinity in groundwater and 
potable water (Alcalá & Custodio, 2005; Davis et al., 1998). It appears that chloride to bromide 
ratios can also be used in chloride-form AIX processes to predict resin selectivity of bromide. 
Table 15 presents the chloride to bromide molar and concentration ratios in the regenerant 




Table 15: Chloride to Bromide Concentration and Molar Ratios 
Parameter 
Regenerant Solution 
RS1 RS2 RS3 RS4 
rCl-/Br- 
(M) (CBMR) 
516 684 1021 - 
Cl-/Br-  
(mg/L)  
229 303 453 - 
 
Jar Testing 
The purpose of this section was to explore the equilibrium and kinetic relationship between 
bromide and chloride in an AIX regeneration process. Chloride-form AIX resin is typically 
regenerated using a salt solution containing high concentrations of chloride. Alternative regenerant 
solutions, such as seawater, contain appreciable amounts of bromide that have the potential to 
compete with chloride for resin exchange sites during regeneration. Jar testing experiments were 
carried out to examine changes to equilibrium values, kinetic rates, and rate-controlling steps of 
bromide adsorption in the presence of high chloride concentrations.  
Kinetic studies were performed using four synthetic solutions (SS1-SS4) to evaluate changes in 
kinetic rates. SS1 was used as a baseline for bromide adsorption, containing no added chloride. 
SS2 through SS4 represented bromide adsorption at increasing CBMR solutions. Figure 27 
presents the bromide adsorption curves for the four tested solutions. It appears from Figure 27 that 
the rate of adsorption increases slightly from SS1 through SS4 respectively. The adsorption 
capacity of bromide, qBr-, noticeably decreases as the CBMR increases from SS1 through SS4. 






Figure 27: Bromide Adsorption Kinetics  
Equilibrium experiments were carried out with six solutions (SS1-S6) to identify equilibrium 
adsorption values, % exchange values, and separation factors. SS5 and S6 were comprised of 
CBMRs that required high sample dilution factors, >180, for instrument analysis. Anion analysis 
of kinetic values were considered inaccurate at sample dilution factors greater than 180. As such, 
SS5 and S6 samples were only analyzed for final equilibrium adsorption values. Figure 28 presents 
the equilibrium isotherm of bromide in terms of increasing CBMR solutions. There is a clear trend 
denoting an exponential decay of bromide equilibrium adsorption capacity, qe, as the CBMR 
increases. Representing the CITY’s seawater, S6, has a similar CBMR as SS5, but is observed at 




of competing for resin exchange sites; it is also possible that microbiological interferences may 
have been present that impacted diffusional mass transfer as this phenomenon was noted at longer 
exposure times of the resin and the water supplies tested. Efforts to understand this phenomenon 
was not further investigated as the clumping did not have an impact on column operation. 
 
Figure 28: Bromide Equilibrium Isotherm  
Table 16 displays the equilibrium adsorption capacity, percent of bromide exchanged at 
equilibrium, and associated resin separation factors for bromide with respect to chloride. As 
noticed in Figure 28, equilibrium capacity decreases as the CBMR of solution increases. Percent 
exchange of bromide with no chloride was found to be 95.1%, sequentially decreasing from SS1 
to S6. Percent exchange of bromide in S6, comprised of SBSW, was observed to be 2.19%. During 




Observed bromide exchange from SBSW during bench-scale column testing and equilibrium jar 
testing were comparable. 
Equilibrium adsorption capacity values obtained from synthetic solutions appeared to follow a 
logarithmic decay as the CBMR of solution increased. Equation (18) displays the experimentally 
derived logarithmic decay function of qe in relation to CBMRs, yielding an R
2 of 0.938. Using 
Equation (18), equilibrium adsorption capacity of bromide can be approximated for solutions 
containing different CBMRs, such as brackish groundwater and seawater commonly used in 
potable water production; however, this function does not account for the additional ions found in 
natural water matrices. Additional competing ions have the potential to decrease bromide 
adsorption; demonstrated by S6 in Figure 28. 
𝑞𝑒 = −1.09 ln(𝐶𝐵𝑀𝑅) + 9.0001 (18) 
 
AIX resin separation factors were also calculated from each solution’s experimental qe values. In 
the case of monovalent to monovalent IX, the apparent equilibrium constant is equal to the 
separation factor, α, (Crittenden et al., 2005). Substituting α into Equation (2), for the exchange of 
chloride for bromide, yields Equation (19). 
α𝐶𝑙−








𝑩𝒓− = separation factor for bromide with respect to chloride 
In the binary exchange of chloride for bromide, our total exchange capacity, qT, is equal to the 





𝑞𝑇 = 𝑞𝐶𝑙− + 𝑞𝐵𝑟−  (20) 
Where, 
qT = total exchange capacity of resin, eq/L 
 










In the case of multicomponent exchange, qT is equal to the summation of the resin phase ion 














𝐶𝑗−  = concentration of anion j, eq/L  
α𝑗−
𝑖−  = separation factor for anion i with respect to anion j 
Binary exchange calculations utilized Equation (21) for SS1, modeling bromide exchange for 
chloride with no other anions present. Multicomponent exchange calculations harnessed Equation 
(22) for SS2 through SS5, assuming bromide exchange for chloride in the presence of varying 
chloride concentrations. Multicomponent exchange calculations for S6 used Equation (22), 
assuming bromide exchange for chloride in the presence of chloride and sulfate. Other ions in S6 




solutions SS2 through SS5 indicated that the resins affinity for bromide increases even though the 
overall adsorbed amount has decreased. The same trend is observed in S6, denoting a high 
separation factor for bromide adsorption when competing with high concentrations of chloride and 
sulfate.  
Table 16: Equilibrium Bromide Values 
Parameter 
Solution 
SS1 SS2 SS3 SS4 SS5 S6 
qe 
(mg,Br-/g,res) 
13.6 7.70 4.26 2.44 1.96 0.338 
Br- Exchange 
(% @ Equilibrium) 
95.1 53.3 30.0 15.8 12.1 2.19 
𝛂𝑪𝒍−
𝑩𝒓−  1.18* 0.623** 0.908** 1.30** 4.52** 73.7*** 
* = Calculated using Equation (19) 
** = Calculated using Equation (22) (α𝐵𝑟−
𝐵𝑟−= 1) 
*** = Calculated using Equation (22) (α𝐵𝑟−




Disinfection By-Product Formation Chemistry 
The intent of this portion of work was to evaluate the impacts of bromide elution from AIX 
seawater regeneration on the formation of DBPs. Bromide concentrations detected during bench-
scale column studies, outlined in Table 14, were applied to the aerated Verna groundwater and 
dosed with chlorine to assess TTHMs and HAA5s. GS1 simulated bromide elution from seawater 
regeneration using SBSW. GS2 and GS3 modeled bromide elution from seawater regeneration 
supplemented with salt. GS4 represented bromide elution pertaining to AIX regeneration using a 
10% strength salt solution. Although bromide elution was undetected after using a 10% strength 




chlorine decay curves were produced, meeting a targeted 96-hr residual concentration range of 0.2 
mg/L to 1 mg/L. 96-hr TTHM formation potential curves were developed and 96-hr HAA5 
concentrations were analyzed. Changes in regulated DBP species were evaluated and presented in 
the form of composition graphs. Individual groundwater solution TTHM formation potentials, 96-
hr HAA5 concentrations, and DBP composition graphs are available in Appendix D. 
Figure 29 presents the average free chlorine decay curves for each groundwater solution (GS1-
GS4). Initial chlorine demand over the first 8hrs were consistent between solutions. From 8-hrs 
and on, GS4 appeared to maintain a higher chlorine residual through 96-hrs. This was to be 
expected as GS4 contained the least amount of added bromide, approximately 0.22 mg/L. The four 
solutions managed a 96-hr chlorine residual between 0.2 mg/L to 1 mg/L, shown in Table 17. 
 








GS1 GS2 GS3 GS4 
96-hr (mg/L) 0.55 0.55 0.43 0.75 
 
TTHM formation potentials of each groundwater solution are graphed in Figure 30 and 96-hr 
TTHM formation concentrations are detailed in Table 18. GS4 experienced the lowest TTHM 
formation through 96-hrs, at 186 g/L. With increased bromide concentrations of 1.82 mg/L and 
1.25 mg/L in GS2 and GS3 respectively, TTHM formation increased to an average of 260 g/L. 
GS1, containing an added bromide concentration of 2.13 mg/L, resulted in the highest 96-hr 
TTHM formation of 294 g/L. Figure 30 demonstrates a trend of increased TTHM formation 





Figure 30: TTHM Formation Potential Curves 




GS1 GS2 GS3 GS4 
96-hr (g/L) 294 260 260 186 
 
The 96-hr TTHM compositions are graphed in Figure 31 and the percent composition of regulated 
TTHMs for each solution is presented in Table 19. Bromoform was found to be the dominant 
species formed in GS1, followed by dibromochloromethane. Bromodichloromethane and 
chloroform were found at lower concentrations in GS1. The same trend was observed in GS2 and 




speciation shifts from bromoform to more chlorinated DBP species as initial bromide 
concentrations decreased.  
 
Figure 31: 96-hr TTHM Composition Graph 




GS1 GS2 GS3 GS4 
Bromoform  
(%) 
92.0 88.1 79.4 18.6 
Dibromochloromethane 
 (%) 
6.25 9.51 15.9 36.9 
Bromodichloromethane  
(%) 
1.09 1.54 2.65 27.8 
Chloroform  
(%) 





The 96-hr HAA5 concentration and composition of the four solutions were analyzed. GS1 resulted 
in a 96-hr HAA5 concentration of 36.1 g/L, followed by GS2 at 34.6 g/L. GS3 contained a 96-
hr HAA5 concentration of 32.9 g/L and GS4 yielded the lowest HAA5 concentration of 25.7 
g/L. A similar compositional trend appeared in HAA5 speciation. Dibromoacetic acid was the 
dominant species formed, shifting to less brominated HAA5 species as initial bromide 
concentrations decreased. 
 









GS1 GS2 GS3 GS4 
Dibromoacetic Acid 
(%) 
74.1 73.8 71.4 42.4 
Monobromoacetic Acid 
(%) 
7.88 7.83 8.20 3.61 
Monochloroacetic Acid 
(%) 
1.39 1.45 1.52 3.48 
Dichloroacetic Acid 
 (%) 
7.25 5.68 6.13 28.4 
Trichloroacetic Acid 
(%) 







CHAPTER 5: DISCUSSION 
Conceptual Regeneration Cost Comparison 
Bench-scale column testing revealed different operational performance capabilities of the four 
regenerant solutions. Performance numbers of the four tested solutions (RS1-RS4) were used to 
delineate conceptual full-scale capital costs as well as the operations and maintenance (O&M) 
costs associated with the regeneration process. A flow diagram of seawater regeneration using 
SBSW (RS1) is provided in Figure 33. A flow diagram of salt-supplemented seawater regeneration 
(RS2 and RS3) is displayed in Figure 34. A flow diagram of conventional salt regeneration is 
shown in Figure 35. 
 





Figure 34: Salt-Supplemented Seawater Regeneration Flow Diagram 
 





A 0.455 MGD AIX process with a flowrate of 316 gpm for sulfate removal was used to 
approximate regeneration cost projections. The conceptual IX bed dimensions were designed to 
meet a surface loading rate that matched bench-scale column studies, approximately 2.8 gpm/ft2. 
For cost projection purposes, the IX process was assumed to operate continuously, with no resin 
loss or performance decline. A constant sulfate concentration of 500 mg/L in the CITY’s Verna 
groundwater was simulated as the feed solution, assuming negligible impacts from other water 
quality constituents. A list of the conceptual full-scale operating parameters applied for 
regeneration cost estimations are detailed in Table 21. 
Table 21: Conceptual Full-Scale IX Operating Parameters 
Operating Parameter Value 
Capacity (MGD) 0.455 
Flowrate (gpm) 316 
Media Height (ft) 6.20 
Media Diameter (ft) 12.0 
Media Volume (ft3) 701 
Surface Loading Rate (gpm/ft2) 2.80 
Volumetric Loading Rate (gpm/ft3) 0.453 
 
Observed exchange capacity values of the A-32 anion resin from each regenerant solution was 
applied to derive throughput values, operation time, and regeneration cycles needed per year. 
Operating the conceptual full-scale system under the stated assumptions, RS1 would require 
approximately 189 regenerations annually. Supplementing salt to SBSW, RS2 and RS3 would 
require 186 and 178 annual regenerations respectively. Conventional IX regeneration modeled 
with RS4 yielded the best performance, only requiring 173 regenerations annually. A list of the 




Table 22: Regenerant Solution Performance 
Performance 
Regenerant Solution 
RS1 RS2 RS3 RS4 
Exchange Capacity (eq/Lresin) 1.74 1.77 1.85 1.90 
Throughput (MGD/cycle) 0.877 0.893 0.933 0.958 
Operation (hrs/cycle) 46.3 47.1 49.2 50.5 
Regenerations per Year 189 186 178 173 
 
Capital Costs 
The capital costs for each regeneration method are provided in Table 23: broken down into direct 
and indirect capital costs. Costs associated with the IX operational process, including feed water 
pumping, IX vessels, resin media, storage tanks, power supplies, piping, additional infrastructure, 
and appurtenances have been excluded. Costs associated with the installation of an onsite seawater 
storage tank was also excluded. Direct capital costs associated with seawater regeneration include 
the installation of a seawater pipeline and sand filtration. The seawater pipeline is estimated at 1.2 
miles in length with an inside diameter of 4 inches. Installation costs of the seawater pipeline were 
estimated using values obtained from BCC Research (2016) and sand filtration costs were scaled 
from cost projections done by Yonge (2016). Direct capital costs affiliated with salt 
supplementation/mixing involved the installation of an onsite brine maker, capable of housing 36 
tons of salt. Brine maker costs were derived from sales information pertaining to Plas-Tanks 
Industries, Inc. (39 Standen Drive Hamilton, Ohio) brine maker model, Bryneer™, and acts as both 
a storage tank and brine mixing vessel. Indirect capital costs were related to construction, 




$282,000. Salt additions to seawater totaled $402,000. The least expensive capital cost was 
conventional salt regeneration, at $120,000. 
Table 23: Conceptual Regeneration Capital Costs  
Regeneration Capital Costs 
Regenerant Solution ($1000) 
RS1 RS2 RS3 RS4 
Direct Regeneration Capital Costs     
Seawater Pipeline (4” @ 1.2 miles)  
   Piping Materials 
   Installation 
   Excavation 
   Backfill 
176 176 176 n/a 
Media Filtration 
   Pressure Filters 
   Underdrains & Distributors 
   Instrumentation & Controls 
   Media (Gravel/Sand) 
   Additional Materials & Appurtenances 
36.1 36.1 36.1 n/a 
Bulk Salt Storage/Brine Maker (36 ton) 
   Shell Construction 
   Downflow Brine Maker 
   Water Inlet Distributor 
   Brine Collector 
   Salt Inlet/Air Venting System 
   Clean-Out Underdrain 
   Instrumentation & Controls 
   Additional Materials & Appurtenances 
n/a 90.0 90.0 90.0 
Total Direct Capital Costs 212 302 302 90.0 
Indirect Regeneration Capital Costs     
Construction (20%) 
   Permitting 
   Overhead 
   Profit 
42.4 60.4 60.4 18.0 
Insurance & Bonding (3%) 6.36 9.06 90.6 2.70 
Contingencies (10%) 21.2 30.2 30.2 9.00 
Total Indirect Capital Costs 70.0 99.7 99.7 29.7 
Total Estimated Capital Costs 282 402 402 120 





Operations and Maintenance Costs 
The conceptual annual O&M costs for each regeneration method are provided in Table 25. O&M 
costs of seawater regeneration pertained to pumping costs, and were calculated using the assumed 
values listed in Table 24. Head loss through the seawater pipeline was calculated using the Darcy-
Weisbach equation, shown in Equation (23), using a friction factor, f, of 0.015.  O&M costs of salt 
addition involved salt import and freight costs, obtained from general industry market values. 
Energy costs were gathered from the CITY’s current power rates, approximately $0.057/kWh. 











hL = head loss (ft) 
f = friction factor 
L = length of pipe (ft) 
D = pipe diameter (ft) 
v = velocity (ft/s) 
g = gravity, 32.2 (ft/s2) 
 
Table 24: Conceptual Regeneration Cost Assumptions 
Assumptions Value 
Energy Cost ($/kWh) 0.057 
Salt & Freight Cost ($/ton) 110 
Seawater Pipeline Head Loss (ft) 288 
Seawater Elevation Difference (ft) 16.0 
IX Vessel Head Difference (ft) 12.0 
Pump Efficiency (%) 0.75 
Motor Efficiency (%) 0.75 





Seawater regeneration had the lowest annual O&M costs, requiring no salt addition. Salt 
supplementation of 1% and 3% salt resulted in increased annual O&M costs. Conventional salt 
solution regeneration generated the highest annual O&M costs, resulting in over $50,000 per year 
in salt import costs alone. 
Table 25: Conceptual Annual O&M Regeneration Costs 
Annual O&M Regeneration Costs 
Regenerant Solution ($) 
RS1 RS2 RS3 RS4 
Pumping 
   Pipe Head Loss 
   Elevation Head Loss 
   IX Vessel Head Difference 
361 355 340 18.9 
Chemicals 
   Salt 
   Freight 
n/a 5,430 15,600 50,500 
Administration & Supplies 5,000 5,290 5,800 7,530 
Overhead (15%) 804 1,660 3,260 8,710 
Miscellaneous 1,000 1,000 1,000 1,000 
Total Annual Operating Cost 7,170 13,700 26,000 67,800 
$/gpd O&M 0.02 0.03 0.06 0.15 
 
Total Regeneration Process Costs 
Total regeneration process costs are presented in Table 26, and were calculated by combining 
amortized capital costs and O&M costs. Capital costs were amortized at an annual interest rate of 
4.5% over an IX operational design life of 10 years. The cheapest option was seawater 
regeneration, at a cost of $42,200 per year and resulted in a total process cost of $0.25/kgal. 
Supplementing SBSW with 1% salt yielded a cost of $63,700 per year, equating to $0.38/kgal. 
Increasing the salt addition to 3% increased costs to $76,000 per year, netting $0.46/kgal. The most 




$0.50/kgal. Over a design life of 10 years, conventional regeneration using 10% salt was found to 
be approximately twice as expensive compared to seawater regeneration. 
Table 26: Total Regeneration Process Costs 
Regeneration Process Costs 
Regenerant Solution 
RS1 RS2 RS3 RS4 
Amortized Annual Capital Cost ($) 35,100 50,000 50,000 14,900 
Annual O&M Cost ($) 7,170 13,700 26,000 67,800 
Total Annual Process Cost ($) 42,200 63,700 76,000 82,700 
10yr Total Process Cost ($/kgal) 0.25 0.38 0.46 0.50 
 
Modeling Kinetics and Equilibrium 
Kinetic studies were performed using four synthetic solutions (SS1-SS4) to classify kinetic rates, 
identify changes to rate constants, and to describe the adsorption process in terms of rate-
controlling steps for bromide adsorption at different CBMR conditions. PFO and PSO models 
were used to fit kinetic data of bromide adsorption and were plotted linearly for adsorption rates. 
Rate constants were examined and described in terms of changes in different CBMR solutions. 
The IPD model was applied to kinetic data to determine rate-controlling steps, elucidating intra-
particle and film diffusion mechanisms.  
Equilibrium isotherm models were applied to bromide adsorption data in an unconventional 
manner to describe the changes in bromide equilibrium adsorption. Instead of increasing the 
bromide concentration and observing changes to equilibrium values, bromide concentrations were 
held constant and chloride concentrations were increased to observe changes in bromide 




mg/L bromide with no chloride. SS2 through SS4 represented bromide adsorption at increasing 
CBMR solutions of 21.9, 58.4, and 158 respectively. SS5 modeled CBMR ratios found in 
seawater, 496, and was used during equilibrium isotherm modeling. 
Kinetics 
The linearized form of the PFO model, presented in Equation (9), was used to investigate rate 
kinetics of bromide. If the reaction is described by PFO kinetics, a linear plot of ln(qe-qt) against t 
will yield a straight line. The linear PFO plots of kinetic data against time did not result in a straight 
line, indicating that bromide adsorption does not follow PFO kinetics. Table 27 displays the results 
of PFO linear plots. Coefficient of determination (R2) values of SS1 were found to be 0.889, 
decreasing to 0.860 in SS2, and then significantly decreasing in SS3 and SS4 as CBMRs increased.  
Table 27: PFO Model Values 






SS1 0 13.6 0.099 0.889 
SS2 21.9 7.70 0.100 0.860 
SS3 58.4 4.26 0.051 0.285 
SS4 158 2.44 <0.001 <0.100 
 
In addition to the PFO model, the linearized form of the PSO model, Equation (11), was applied 
to kinetic data to determine reaction rates. The PSO initial adsorption rate constant, h0, was also 
calculated; squaring the equilibrium adsorption capacity value, qe, and multiplying by the PSO rate 
constant, k2. A plot of t/qBr- against t has been analyzed for the different CBMR solutions and is 





Figure 36: PSO Linear Plots  
Figure 36 suggests that PSO kinetics accurately describe bromide adsorption, yielding straight line 
plots of t/qBr- against t and indicating that bromide adsorption is controlled by chemisorption. 
Fitted PSO model kinetic parameters are detailed in Table 28, identifying rate constants of each 
plotted solution. R2 values of SS1 through SS3 were 0.999, with SS4 producing 0.976. It is clearly 
shown that as the CBMR of each solution increases, so does the PSO rate constant, k2. SS1 
contained a k2 value of 0.057, increasing to 0.159 in SS2, further to 0.275 in SS3, and more so to 






Table 28: PSO Model Values 




(g mg-1 min-1) 
ho 
(g mg-1 min-1) 
R2 
SS1 0 13.6 0.057 10.5 0.999 
SS2 21.9 7.70 0.159 9.43 0.999 
SS3 58.4 4.26 0.275 4.98 0.999 
SS4 158 2.44 0.429 2.55 0.976 
 
Inversely correlated to k2 values, the initial adsorption rate, ho, decreased as the CBMR of each 
solution increased. As the CBMR of the solution increased, the driving force of the bromide 
concentration diminished, thus resulting in a lower h0. To demonstrate this relationship, k2 and h0 
have been plotted in Figure 37. 
 




Although the PSO model indicates that reaction kinetics are controlled by chemisorption, there 
may indeed be more than one rate controlling step. In order to elucidate the driving mechanisms 
of bromide adsorption kinetics, the linearized form of the IPD model (Equation (12)) was 
employed to kinetic data to better understand diffusion based mechanisms. If a linear plot of qt 
against t1/2 yields a straight line, adsorption kinetics are said to be controlled by intra-particle 
diffusion. Figure 38 displays the linear plots of the IPD model, revealing two lines that do not pass 
through the origin. This indicates that there is more than one step controlling the adsorption rate. 
The first line occurs from 5min to 20min of adsorption and is denoted by IPD 1. The second line 
occurs from 40min to 120min of adsorption and is identified as IPD 2. Individual IPD plots are 
available in Appendix E.  
 




Table 29 presents the IPD model kinetic parameters of IPD 1 and IPD 2. R2 is used to describe 
best-fit for the IPD model applied to each solution. Chemisorption is assumed to take place within 
the first 5min of the reaction. From there, both intra-particle and film diffusion mechanisms 
seemed to be present. Looking at SS1, intra-particle diffusion and film diffusion seemed to be 
taking place in the first 20min of adsorption following chemisorption. Continuing the reaction 
from 40min to equilibrium in SS1, intra-particle diffusion appeared to be the sole rate-controlling 
step. As CBMRs increased, there was a shift in the time at which this same trend occurred, 
happening earlier in the reaction. There was a decrease in intra-particle diffusion in IPD 2 as the 
CBMR of solution increased. The presence of increased chloride concentrations appeared to drive 
external mass transfer (film diffusion) earlier in the adsorption process, allowing intra-particle 
diffusion to begin occurring earlier. This is consistent with the trend of increasing PSO rate kinetics 
of bromide adsorption at increasing CBMRs. Though intra-particle diffusion seemed to be 
occurring earlier as CBMRs increased, the rate constant, kIPD1, of IPD 1 decreased. Additionally, 
the boundary layer thickness of intra-particle diffusion, CIPD, decreased with increased CBMRs. 













SS1 1.67 6.13 0.910 0.010 13.5 0.993 
SS2 0.655 4.78 0.944 0.006 7.64 0.953 
SS3 0.286 3.06 0.737 0.042 3.81 0.789 






Equilibrium isotherms were developed using the linear-forms of the FIM and LIM, given in 
Equations (6) and (7). Experimental equilibrium adsorption capacity values of bromide were 
plotted against the CBMR of solution. Bromide concentrations were held constant and chloride 
concentrations were increased to assess the impacts of bromide equilibrium adsorption at different 
CBMRs. Figure 39 displays the linear plots of the FIM and Figure 40 presents the linear plots of 
the LIM for SS1 through SS5. Table 30 shows the isotherm model values derived from the linear 
regression analysis. The FIM results in an unconventional negative slope, seeing a decrease in 
bromide adsorption as chloride increases. Both models adequately described adsorption 
equilibrium of bromide in the presence of varying chloride concentrations, yielding R2 values of 
0.992 and 0.991 for the FIM and LIM linear plots respectively.   
 





Figure 40: Linear Plot of LIM 
 
Table 30: FIM and LIM Values 
Freundlich Langmuir 
Kf n R2 b qmax R2 
0.195 -1.91 0.992 -0.026 1.43 0.991 
 
Brominated Disinfection By-Product Impacts 
Observed bromide elution from seawater-based regeneration was found to increase brominated 
DBPs after the addition of free chlorine. Four synthetic groundwater solutions (GS1-GS4), 
containing varying bromide concentrations and the CITY’s Verna groundwater, were used to 
assess the impacts of bromide on DBP formation. The 96-hr formation of TTHMs and HAA5s are 
compared for their species composition against initial bromide concentrations. Shifts in DBP 




Figure 41 illustrates the 96-hr formation of TTHMs and initial bromide concentrations of the four 
tested groundwater solutions. The predominant trihalomethane species formed in GS1, containing 
the highest amount of initial bromide, was bromoform. As initial bromide concentrations decrease, 
GS1 through GS4, there is a shift in formed species from bromoform toward chlorinated 
trihalomethanes. This shift is seen clearly from GS3 to GS4, decreasing in bromoform with 
appreciable increases sequentially in dibromochloromethane, bromodichloromethane, and 
chloroform. At initial bromide concentrations above 1 mg/L, the trend of increased TTHMs 
matched that of bromoform, distinctly shown from GS2 to GS1. The increase in TTHMs from GS2 
to GS1 equaled approximately 34 g/L, with an increase in bromoform of around 41 g/L. 
 




Figure 42 presents the 96-hr formation of HAA5s and initial bromide concentrations of the four 
tested groundwater solutions. The predominant haloacetic acid species formed in GS1, containing 
the highest amount of initial bromide, was dibromoacetic acid. A similar trend is observed in 
HAA5 formation, decreasing in brominated HAA5 species as initial bromide concentrations 
decrease. This shift is most apparent from GS3 to GS4, decreasing in dibromoacetic acid toward 
trichloro- and dichloro- acetic acid. At initial bromide concentrations above 1 mg/L, the trend of 
increased HAA5s matched that of dibromoacetic, distinctly shown from GS3 through GS1. The 
increase in HAA5s from GS3 through GS1 equaled approximately 3 g/L, with an increase in 
dibromoacetic acid of 3 g/L. 
 




Figure 41 and Figure 42 indicate that bromide elution concentrations from seawater-based 
regeneration resulted in increased brominated DBPs, particularly bromoform with respect to 
trihalomethanes and dibromoacetic acid concerning haloacetic acids. Decreases in initial bromide 
concentrations from GS1 to GS3 demonstrated a comparable decrease in bromoform and 
dibromoacetic acid. Initial bromide concentrations below 1 mg/L, GS4, exhibited inverse 
relationships between brominated DBPS and chlorinated DBPs. At initial bromide concentrations 
above 1 mg/L, increased TTHMs were largely related to increased bromoform and increased 





CHAPTER 6: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
Bench-Scale Column Testing 
The operational performance and secondary impacts of Sarasota Bay seawater regeneration for 
AIX processes has been evaluated. This research investigated the use of seawater, and salt-
supplemented seawater, as a regenerant solution for an AIX process removing sulfate and organics 
in terms of performance efficiency and identifying the secondary impacts of alternative methods 
when compared with conventional regeneration procedures. Four bench-scale columns were 
operated in parallel to delineate changes in operational performance and identify impacts 
emanating from seawater-based regeneration. 
Column Performance and Identified Impacts 
Results indicate that seawater regeneration decreased operational AIX performance. Additions of 
salt to seawater improved performance. Conventional 10% salt regeneration experienced sulfate 
exhaustion at 151 BV, yielding a resin exchange capacity of 1.90 eq/L. After regenerating with 
SBSW, sulfate exhaustion occurred at 138 BV, equating to a resin exchange capacity of 1.74 eq/L 
and a loss of 8.62%. With the addition of 1% and 3% (by volume) salt to SBSW, sulfate exhaustion 
occurred at 141 BV and 147 BV respectively; improving exchange capacity to 1.77 eq/L (6.84% 
loss compared with conventional salt) and 1.85 eq/L (2.63% loss compared with conventional salt) 
accordingly. Natural organic matter removal was consistent, between 85.8% and 89.2% average 
removal as measured by DOC. Similar observations were noted in UV-254 measurements, 




Clumping/fouling of the anion resin was observed during operational experiments under each 
regenerant solution condition. Clumping/fouling of the anion resin may have resulted in 
performance loss due to channeling or resin poisoning (resin inactivation). Analysis was not 
performed on the unknown material contributing to resin clumping/fouling in this work. It was 
hence reasoned that the cause of resin clumping/fouling was independent of the regeneration 
process, forming consistently under each regenerant condition. It is suspected that the complex 
water matrix of the Verna feed groundwater contributed to resin clumping/fouling. 
Seawater regeneration resulted in the incidental uptake of bromide, competing with chloride for 
exchange sites on the anion resin during regeneration and eluting during subsequent operational 
runs. A correlation between bromide elution and regenerant chloride concentration was observed. 
As the CBMR increased, the anion resin’s selectivity toward chloride increased, decreasing 
bromide elution. Bromide elution was observed at an average of 2.13 mg/L when SBSW was used 
for regeneration, containing a CBMR of 516. Bromide elution decreased to an average of 1.82 
mg/L with the addition of 1% salt to SBSW, wielding a CBMR of 684. Further increasing the 
CBMR to 1021 with the addition of 3% salt to SBSW, bromide elution decreased to an average of 
1.25 mg/L. Bromide elution was not detected after using conventional 10% salt conditions 
typically used for IX regeneration. 
Conceptual Regeneration Cost Comparison 
A conceptual full-scale AIX system was modeled using operating performance values obtained 
during bench-scale studies to quantify seawater regeneration costs as compared to salt-




an annual interest rate of 4.5% over a 10-year design life and added to annual O&M regeneration 
costs to produce total regeneration process costs of each option.  Conventional 10% salt 
regeneration was found to be approximately twice as expensive when compared to seawater 
regeneration, producing a 10-year total regeneration process cost of $0.50/kgal compared to 
$0.25/kgal. Salt-supplemented seawater regeneration yielded total regeneration process costs of 
$0.38/kgal and $0.46/kgal for 1% and 3% salt respectively. Over a design life of 10 years, 
conventional regeneration using 10% salt was found to be approximately twice as expensive 
compared to SBSW regeneration. 
Jar Testing 
Understanding the kinetic and equilibrium reactions taking place during AIX regeneration is 
important when alternative regeneration methods are being considered. Funasaki (1979) identified 
changes to equilibrium and kinetic reactions under variable salt conditions, which is typical in 
chloride-form AIX regenerant solutions. To explicate the phenomenon of bromide exchange 
during seawater-based regeneration, kinetic and equilibrium studies were performed at various 
CBMRs under jar testing conditions. The experiments examined changes to equilibrium values, 
kinetic rates, and rate-controlling steps of bromide adsorption in the presence of high chloride 
concentrations.  
Kinetics 
Bromide adsorption curves were developed and fitted to PFO and PSO models. Bromide 
adsorption in solutions of varying CBMRs can be accurately described by PSO rate kinetics, 




PSO model yielded R2 values of 0.999 in solutions containing up to 58.4 CBMRs. An R2 value 
0.976 was obtained for the linearized PSO model at a CBMR of 158. The PSO rate constant, k2, 
was found to increase as CBMRs increased. Inversely correlated to k2 values, the initial PSO 
adsorption rate constant, h0, decreased as CBMRs increased.  
Even though the PSO model indicated that reaction kinetics are controlled by chemisorption, there 
may indeed be more than one rate-controlling step. The linearized form of the IPD model was 
fitted to kinetic data to elucidate diffusion-based mechanisms. Multi-linear plots were skewed from 
the origin axis, indicating more than one rate-controlling step could be present. Chemisorption was 
reasoned to take place within the first 5min of the reaction. From 5min to 20min, both intra-particle 
and film diffusion mechanisms appeared to be the predominant mass transfer present. From 40min 
to equilibrium, intra-particle diffusion appeared to be the sole rate-controlling step. As CBMRs 
increased, there was a shift in the time at which this same trend occurred. The presence of increased 
chloride concentrations appeared to increase external mass transfer (film diffusion) earlier on in 
the adsorption process, driving the reaction in the early phases after chemisorption, allowing intra-
particle diffusion to occur earlier. This is consistent with the trend of increased PSO rate kinetics 
of bromide adsorption with increased CBMRs. Though intra-particle diffusion appeared to be 
present initially, as CBMRs increased, the rate constant, kIPD1, of IPD 1 decreased. Additionally, 
the boundary layer thickness of intra-particle diffusion, CIPD, decreased with increased CBMRs. 
Equilibrium 
Equilibrium bromide adsorption values were experimentally determined for different CBMR 




increased. A plot of equilibrium bromide adsorption capacity values against the solution’s CBMR 
resulted in a logarithmic decay as CBMRs increased in synthetic solutions, starting at 13.6 mg/g 
at a CBMR of 0 and ending at 1.96 mg/g at a CBMR of 496. An experimental function was derived 
to approximate bromide equilibrium adsorption capacity, qe, in relation to a solutions CBMR, 
yielding an R2 of 0.938. Using Equation (24), equilibrium adsorption capacity of bromide can be 
approximated for solutions containing different CBMRs, such as brackish groundwater and 
seawater commonly used in potable water production; however, this function does not account for 
the additional ions found in natural water matrices.  
𝑞𝑒 = −1.09 ln(𝐶𝐵𝑀𝑅) + 9.0001 (24) 
 
The qe of SBSW was found to be 0.340 mg/g, equating to approximately 2.19% bromide exchange. 
This matched well with the observed bromide elution of 2.13 mg/L from seawater regeneration 
during bench-scale column studies, equaling around 2.62% bromide exchange. Separation factors 
of bromide with respect to chloride were determined, ranging from 0.623 to 4.52 in synthetic 
solutions of CBMRs from 0 to 496. The SBSW tested yielded a bromide separation factor of 73.7, 
significantly higher than values obtained with synthetic solutions and likely due to the high 
competing sulfate concentrations found in the SBSW regenerant. 
Equilibrium isotherms were developed using the linear-forms of the FIM and LIM to identify the 
behavior of the adsorption process. Experimental equilibrium adsorption capacity values of 
bromide were plotted against the CBMR of solution. Bromide concentrations were held constant 
and chloride concentrations were increased to assess the impacts of bromide equilibrium 




suggesting decreased bromide adsorption as chloride increased. Both models described bromide 
adsorption behavior accurately, producing an R2 of 0.992 for the FIM and 0.991 for the LIM. FIM 
constants, Kf and n, equaled 0.195 and -1.91 severally. LIM constants, b and qmax, were -0.026 and 
1.43 respectively. 
Disinfection By-Product Formation  
Seawater can contain elevated quantities of bromide, approximately 81.3 mg/L in SBSW, leading 
to bromide exchange during AIX seawater-based regeneration and subsequent bromide elution 
into treated water streams. Bromide contributes to increased DBPs, shifting the type of DBP 
species that are formed with decreasing chlorinated DBP species and increased brominated DBP 
species, consistent with the findings of others (Dyck et al., 2015; Kolb et al., 2017; Richardson et 
al., 1999). The data also established that brominated DBPs carry higher health associated risks, 
correlating to higher cytotoxicity and genotoxicity than chlorinated DBPs (Kolb et al., 2017; 
Richardson et al., 1999; Sharma et al., 2014; Yang et al., 2014; Zhai & Zhang, 2011; Zhai et al., 
2014). The impacts of bromide elution from seawater-based regeneration on the formation of 
DBPs was assessed using the CITY’s aerated Verna groundwater and spiked bromide mass at 
concentrations that were observed during column testing. Verna groundwater contained an average 
DOC concentration of 1.77 mg/L and an average UV-254 measurement of 0.047 cm-1. Free 
chlorine was used as a disinfectant. 
TTHM Formation and Speciation 
The 96-hr TTHM formation increased as initial bromide concentration increased. At an initial 




initial bromide concentration to 0.22 mg/L, TTHM formation decreased to 186 g/L. Bromoform 
was found to be the dominant trihalomethane species in solutions containing initial bromide 
concentrations greater than 1 mg/L, comprising 79.4% to 92.0% of TTHMs formed. As initial 
bromide content decreased, there was a shift from brominated species toward chlorinated 
trihalomethanes. Furthermore, this shift results in a decrease in bromoform with appreciable 
increases in dibromochloromethane, bromodichloromethane, and chloroform.  
HAA5 Formation and Speciation 
The 96-hr HAA5 formation followed a similar trend, increasing as initial bromide concentration 
increased, but the discrepancy was not as pronounced as TTHM formation. 96-hr HAA5 formation 
was 36.1 g/L at an initial bromide concentration of 2.13 mg/L, decreasing to 25.7 g/L at an 
initial bromide concentration of 0.22 mg/L. Dibromoacetic acid made up the majority of 96-hr 
HAA5 formation, approximately 71.4% to 74.1% in solutions containing initial bromide 
concentrations greater than 1 mg/L. Dibromoacetic acid decreased as initial bromide 
concentrations decreased, shifting to more chlorinated species.  
Recommendations 
This work has demonstrated that filtered and disinfected seawater can be used to effectively 
regenerate an anion exchange process removing sulfate and organics if properly managed. 
Additionally, this work has evaluated the impacts stemming from seawater-based regeneration, 
elucidating the propensity for bromide competition with chloride that can limit the efficiency of 




demonstrated that bromide elution and leakage are present, additional work is required to enhance 
the current understanding. The following recommendations are offered in this regard:  
 This work evaluated sulfate and natural organic matter removal using anion exchange and 
identified bromide as having a residual impact. However, the removal performance of 
other inorganic constituents when regenerating with seawater-based regenerants could be 
performed: phosphate, fluoride, nitrate, chromate, and dichromate. 
 Compare the performance and impacts of anion exchange regeneration employing 
seawater from other locations around the world with different water matrix compositions 
and characteristics than what was evaluated in this work. 
 Investigate the possibility that microbiological activity within the anion exchange bed is 
complicit in observed fouling (clumping) of the resin. 
 Incorporate additional ions, commonly found in seawater, into the experimentally-derived 
model utilizing the CBMR of solutions for the prediction of bromide elution. 
 Evaluate the equilibrium and kinetic relationship between bromide and chloride at high 
CBMRs comprised of varying sulfate concentrations. 
 Assess the impacts of brominated DBP formation stemming from bromide elution when 
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Table 31: Analytical Water Quality Methods 









SM: 4500-H+ B. 
Electrometric 
Method 


















SM: 2510 B. 
Laboratory Method 
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Ultraviolet 
Absorption Method 
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SM: 4500 G. DPD 
Colorimetric Method 


























Table 32: Average Column Performance Data 
Parameter 
Column 
1 2 3 4 
Breakthrough (BV) 
(10% of feed) 
67.5 74.4 72.4 76.6 
Exhaustion (BV) 
(90% of feed) 
138 141 147 151 
Exchange Capacity 
(eq/Lres,wet) 
1.74 1.77 1.85 1.90 
Specific Throughput 
(L/gres,dry) 
0.371 0.378 0.395 0.405 
Sulfate Leakage 
(mg/L) 








Figure 43: Column 1 Sulfate and Chloride Curves 
 











Figure 46: Column 2 Sulfate and Chloride Curves 
 












Figure 49: Column 3 Sulfate and Chloride Curves 
 













Figure 52: Column 4 Sulfate and Chloride Curves 
 











Figure 54: GS1 TTHM Formation Potential and Free Chlorine Curves 
 






Figure 56: GS2 TTHM Formation Potential and Free Chlorine Curves 
 






Figure 58: GS3 TTHM Formation Potential and Free Chlorine Curves 
 






Figure 60: GS4 TTHM Formation Potential and Free Chlorine Curves 
 
 











Figure 62: SS1 PSO Linear Plot 
 






Figure 64: SS2 PSO Linear Plot 
 





Figure 66: SS3 PSO Linear Plot 
 






Figure 68: SS4 PSO Linear Plot 
 









In efforts to ensure the quality of appurtenant data, certain control measures were taken during 
sampling, transportation, storage, and analysis. Samples bottles used in collection procedures were 
washed/prepped in accordance with Table 33. Storage of samples took place in a fridge kept at 
4⁰C on shelving designated for drinking water samples, reducing the potential for cross 
contamination. Data collection procedures conform to the recommendations in Standard Methods 
for the Examination of Water and Wastewater (Baird et al., 2017) 
Table 33: Sample Container/Glassware Cleaning Procedures 
Container Type Required Cleaning Steps 
Glass amber bottles Steps 1-5, 7, 9-10 
Plastic bottles 1-6 
Large plastic drums/containers 
 (≥15 gallons) 
Step 3 
Analytical glassware  
(beakers, flasks, graduated cylinders) 
Steps 1-5, 11 
Glass vials Steps 1-5, 7, 9-10 
Cleaning Steps 
1. Remove outside labels (if any). 
2. Wash inside with tap water and lab-ware detergent solution. 
3. Wash/Rinse with tap water. 
4. Rinse with 1:1 hydrochloric acid solution. 
5. Rinse with distilled water. 
6. Air dry and cap prior to storage. 
7. Cover lid with aluminum foil, perforate for moisture passage. 
8. Air dry and cover contents with aluminum foil prior to storage. 
9. Bake for a minimum of 2 hours at 400⁰C, then cooling to room temperature prior to 
storage. 
10. Cover lid with aluminum foil. 
11. Air dry 





To maintain quality control, precision was evaluated through the collection of laboratory replicates 
and sample duplicates and triplicates; approximately one replicate was prepared for every five 
samples. Precision was calculated using the industrial statistic (I-Statistic) displayed in Equation 
(25). Control charts were created to monitor data set variation during analysis. These charts were 
created for the analysis of anions, and other pertinent constituents of interest throughout the work. 
Control limits, displayed in Equations (26) and (27) were utilized on precision charts. 
I = 
|𝑆𝑎𝑚𝑝𝑙𝑒 𝑉𝑎𝑙𝑢𝑒−𝐷𝑢𝑝𝑙𝑖𝑐𝑎𝑡𝑒 𝑆𝑎𝑚𝑝𝑙𝑒 𝑉𝑎𝑙𝑢𝑒|
(𝑆𝑎𝑚𝑝𝑙𝑒 𝑉𝑎𝑙𝑢𝑒+𝐷𝑢𝑝𝑙𝑖𝑐𝑎𝑡𝑒 𝑆𝑎𝑚𝑝𝑙𝑒 𝑉𝑎𝑙𝑢𝑒)
 (25) 
 
UCL = µ + 3s (26) 
Where, 
 µ = mean value  
 s = standard deviation of mean value’s data set  
UWL = µ + 2s (27) 
 
Analytical methods used throughout this work can be found in Table 31 of Appendix B for 
constituents of interest. The equipment used and the detection limits for each constituent can also 
be found in Table 31 of Appendix B. Constituent values were considered undetected below the 





Lab Replicate Precision Charts 
 
Figure 70: UV-254 Lab Replicate Precision Chart 
 





Figure 72: Chloride Lab Replicate Precision Chart 
 
 





Figure 74: TOC Lab Replicate Precision Chart 
Sample Duplicate and Triplicate Precision Charts 
 





Figure 76: Sulfate Experimental Duplicate and Triplicate Precision Chart 
 





Figure 78: Bromide Experimental Duplicate and Triplicate Precision Chart 
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